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ABSTRACT
FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS
OPTOELECTRONICS RESEARCH CENTRE
Doctor of Philosophy
Novel Power Scaling Architectures for Fibre and Solid-State Sources
By Lee Pearson
This thesis explores approaches for scaling the output power of rare-earth ion doped
ﬁbre lasers and ampliﬁers, ﬁbre ampliﬁed spontaneous emission sources, and solid-
state laser oscillators.
Scaling output power from laser sources has been a topic of interest ever since the
ﬁrst laser was demonstrated. The development of new geometries and novel tech-
niques for reducing effects that limit the maximum output power are particularly im-
portant. Three approaches for power scaling are demonstrated here.
The ﬁrst is an all ﬁbre geometry for producing predominately single-ended oper-
ation. By exploiting the high available gain in rare-earth-ion doped ﬁbres, predomi-
nately single-ended laser output can be achieved in a high loss cavity with feedback
at one end considerably lower than the other. This was demonstrated with an Yb-
doped ﬁbre laser using a low loss end termination scheme to produce 29W and 2W
in the forward and backward directions, respectively, for launched pump power of
48W. This corresponds to a slope efﬁciency for the forward direction of 77%. The
single-ended scheme was also applied to a Tm-doped ﬁbre ASE system, producing a
maximum output of 11W for 43W of launched pump, with an emission bandwidth of
36nm centred at 1958nm.
Secondly, a Tm-doped ﬁbre distributed feedback laser with 875mW of single-
frequency output at 1943nm was used in a master oscillator power ampliﬁer conﬁgu-
ration. Using three ampliﬁer stages, the output was scaled to 100W of output with a
ﬁnal polarisation extinction ratio of >94% and a beam propagation factor of M2 <1.25.
ThelastlaserarchitecturewasacryogenicallycooledHo:YAGlaserin-bandpumped
by a diode pumped Tm-doped ﬁbre laser. After determining the absorption band-
width as a function of temperature at the desired pump wavelength of 1932nm in
Ho:YAG, the ﬁbre laser was constructed to have an emission line-width of <0.2nm to
achieve efﬁcient overlap with the absorption peak. This ﬁbre laser was used to pump
two different Ho:YAG laser conﬁgurations. The ﬁrst was a free-running laser based
on a simple two-mirror cavity design, which showed a factor of 1.7 increase in the
laser slope efﬁciency and a factor of 10 decrease in threshold pump power when the
crystal temperature was reduced from 300K to 77K. The second cavity condition dis-
cussed was for low-quantum defect operation, which was demonstrated at 1970nm
corresponding to a quantum defect of just 2%.
Lastly, further power scaling and other applications for all three approaches are
discussed.
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Introduction
1.1 General introduction
Lasers and ampliﬁed spontaneous emission (ASE) sources are ﬁnding their
way into an ever increasing number of applications. Many of these applica-
tions require sources with high efﬁciency, high output power and low cost.
In addition, many more make use of the wide range of operational outputs
that lasers and ASE sources offer from broadband to single-frequency; multi-
mode to diffraction limited performance; and with the commonly used rare-
earth ion doped materials there is a relatively wide range of operational wave-
lengths. Applications using these sources can be broken down into three
main categories: industrial, medical and scientiﬁc. The industrial processes
include cutting, welding, drilling and marking, where lasers have improved
both the product quality and processing speeds. Furthermore, lasers have rev-
olutionised the telecommunications industry where silica ﬁbre technology and
rare-earth ion doped ampliﬁers and lasers have drastically increased the data
bandwidth and reduced the cost. In addition to these, lasers are also ﬁnd-
ing applications in defence and aerospace projects such as light detection and
ranging (LIDAR) and remote missile defence. In terms of medicine lasers are
used in applications such as microsurgery, dentistry and dermatology. The sci-
entiﬁc uses for high power lasers and ASE sources include applications such
as ﬁbre-optic gyroscopes, optical coherence tomography, spectroscopy, atom
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cooling, interferometry, and non-linear frequency conversion. Therefore, the
challenge for laser engineers is now to meet the requirements of these applica-
tions and to develop sources for applications not previously considered.
As such, the goal of the research described in this thesis is to develop and
demonstrate different approaches for power scaling to meet some of the re-
quirements for the above applications. This research covers the fairly wide
topic area of power scaling in both ﬁbre and ’bulk’ solid state lasers with
continuous-wave (CW) output. Although the research develops different laser
and ASE sources, each using a different power scaling approach, the overall
aim of this thesis is to show the merit of each system and to highlight their
future potential.
1.2 Background
Since the ﬁrst laser was demonstrated by Maiman [1] there has been a con-
tinued desire to improve the efﬁciency and output power from rare-earth-ion
doped materials. Initially, progress was slow due to the poor optical-to-optical
efﬁciency between the ﬂash lamps and the laser gain medium. This was due
to the rare-earth-ions having narrow absorption peaks compared to the broad-
band emission from the ﬂash lamps, such that a signiﬁcant proportion of the
ﬂash lamps power was not absorbed. A solution to this problem was the con-
struction of the laser diodes in 1962, which were desirable due to their narrow
spectral bandwidth compared to ﬂash lamps, allowing for more efﬁcient ab-
sorption and therefore much higher optical-to-optical efﬁciencies. However, it
was not until the 1980s that improved fabrication techniques were developed
to produce diode lasers with long enough lifetimes and high enough output
power for them to become a practical alternative to ﬂash lamps. For exam-
ple, the ﬁrst diode laser pumped Ho:YAG laser was not demonstrated until
1986 [2].
For both ﬂash lamp and diode pumping regimes, the laser performance is of-
ten limited due to detrimental thermal effects inside the gain medium. These
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are typically caused by a combination of quantum defect heating, excited-state
absorption (ESA), energy transfer upconversion (ETU), and absorption by im-
purities in the laser medium. The thermal effects include melting, thermally
induced stress fracture, thermally induced birefringence and thermal lensing
and guiding. As a result, good thermal management is important in order
to increase the output power for which these thermal effects begin to limit
laser performance. Therefore, many approaches have been developed over the
years to combat these detrimental effects, for examples see [3–8]. The approach
of importance in this thesis for ’bulk’ solid state lasers is the use of cryogenic
cooling of the gain medium.
The beneﬁts of cryogenic cooling have been well documented [9,10] and show
that as the temperature is reduced, certain materials have beneﬁcial tempera-
ture dependentchanges to theirthermo-optical properties. Aggarwal et al.[10]
showed that by reducing the temperature in yttrium aluminium garnet (YAG)
from 300K to 100K, there is a 12.5 times reduction in dn/dT and a 4.7 times re-
duction in the thermal expansion coefﬁcient, whilst the thermal conductivity
increases by 6.7 times. The impact of these changes are that they dramatically
reducetheimpactofthermaleffectsonlaserperformance. Therefore, byreduc-
ing the laser material’s temperature to 100K, the output power achieved will
be much higher than that at room temperature before the laser performance
is degraded to the same extent. This enhancement has been demonstrated to
goodeffectrecentlyusingytterbiumanderbiumdopedmaterialsforoperation
at 1m and 1.5m respectively [11–15]. However, at present there has been lit-
tle research conducted in the 2m regime. Therefore, Chapter 5 demostrates
cryogenic cooling of a Ho:YAG rod laser.
An alternative approach for power scaling is to use rare-earth ion doped silica
ﬁbres. An optical ﬁbre’s large surface area to volume ratio and long device
length makes thermal management easier than in conventional ’bulk’ laser ge-
ometries. Furthermore, the wave-guiding nature of the ﬁbre’s core allows rel-
atively simple selection of good output beam quality and immunity from the
thermally-induced beam distortion that is a common problem in other types
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of gain medium geometry. Additionally, the ﬁbre geometry can also be se-
lected to allow them to be end pumped by high power diodes arrays making
them ideal for power scaling. The output power from ﬁbre lasers has seen a
signiﬁcant increase in recent years, as can be seen in Figure 1.1 for ytterbium
and thulium doped silica. These beneﬁcial properties provide the motivation
for the research conducted on ﬁbre based lasers and ASE sources within this
thesis.
(a) Yb-doped silica ﬁbre lasers (b) Tm-doped silica ﬁbre lasers
Figure 1.1: Showing the maximum output power of a single stage
oscillator with time for (a) Ytterbium doped silica ﬁbres [16–21],
and (b) Thulium doped silica ﬁbres [22–26].
1.3 Thesis overview
Given the breadth of the power-scaling ﬁeld for lasers and ASE sources, this
thesis will focus only on speciﬁc areas. The main interests are in the develop-
ment of architectures for enhancing the output power from ﬁbre based laser
and ASE sources, and enhancing the performance of Ho-doped YAG lasers by
cryogenically cooling the crystal. In all of these situations, only CW operation
is considered.
The thesis starts in Chapter 2 with discussion of some of the main issues affect-
ing laser performance. Typically, the maximum laser output power is limited
by the available pump power, thermally induced effects and/or non-linear
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processes. To obtain high output powers, most laser systems will use high
power laser diodes as a pump source. Typically these diode sources consist of
individual diode emitters that are stacked together to form arrays or stacks of
arrays to increase the maximum output power. However, as the maximum
output power from these diode arrays/stacks is increased, the mechanical
constraints in the diode design results in the output beam propagation factor
(M2) also increasing with the impact of effectively reducing their usefulness
as pump sources. Therefore, techniques for reducing the beam propagation
factor to improve the usefulness of these sources are considered.
Even with sufﬁciently high pump powers, the theoretical maximum laser out-
put power is not always achieved due to thermal effects limiting laser perfor-
mance. Thermally induced effects impact the laser performance in a number
of ways. Of particular interest here are thermal lensing and/or de-polarisation
losses in polarised systems that degrade the laser performance, and stress in-
duced fracture and melting thresholds which result in critical failure. There-
fore, eachoftheseeffectsisconsideredinbothﬁbreand’bulk’laserrodregimes
with suggestions for reducing their impact given.
Another signiﬁcant limitation on performance can be due to non-linear effects
in the laser medium. Non-linear effects are signal intensity dependent pro-
cesses. As such, the tight beam conﬁnement in a ﬁbre core results in the im-
pact of non-linear effects being more pronounced in ﬁbre systems than bulk for
CW operation. Therefore, non-linear processes in bulk systems are not consid-
ered. In the case of ﬁbres, the two main non-linear processes that can affect
the performance are Stimulated Brillouin Scattering (SBS) and Stimulated Ra-
man Scattering (SRS). For both of these effects, the threshold signal intensity
for the onset of these is given with discussion of how to increase this threshold
to enable further power scaling.
The ﬁrst of the experimental chapters starts in Chapter 3 where the work fo-
cuses on achieving predominately single-ended output in a ﬁbre based laser
and ASE source. Typically, single-ended output would be achieved using an
external feedback cavity or in-ﬁbre Bragg grating. However, here we demon-
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strate an all-ﬁbre approach where the difference in the ﬁbre end facets reﬂec-
tivities determines the relative output power extracted from each end. The
advantage of this are that the ﬁbre does not require modiﬁcations to the ﬁ-
bre core composition with photosensitive dopants for writing in-ﬁbre gratings,
and similarly reduces the cost required for the optics for an external feedback
cavity. Furthermore, the approach is suitable for cladding pumping and is
therefore compatible with high power diode pumping.
When this approach was applied to a ytterbium-doped ﬁbre laser, there was
a non-negligible ASE background due to the high laser threshold caused by
the high cavity losses. The implications of this are discussed and a technique
is described for determining the power contained in both the laser and ASE
individually. This showed that the ASE signal continued to increase even once
the laser threshold was reached, but that it rolled over as the pump power was
further increased. An explanation for this is given with future implications
discussed.
InthesecondpartofChapter3, theall-ﬁbreapproachwasappliedtoathulium-
dopedﬁbreASEsource. ThisshowedthatinASEsourcesoperatingwellabove
saturation, the relative power extracted from each end of the ﬁbre was depen-
dent on the ﬁbre end facets reﬂectivities. However, for high power operation,
further power scaling was restricted by the onset of parasitic lasing. This result
supported the theory suggested for why the ASE rolls-over in the single-ended
laser situation outlined above. The result also suggested that no matter how
low the ﬁbre facet reﬂectivities, the laser threshold will always be reached if
there is sufﬁcient pump power. This was conﬁrmed by further experiments
where the parasitic laser threshold was increased by reducing the ﬁbre end
facet reﬂectivities. Finally, the chapter concludes by discussing methods for
further power scaling and the future prospects for the single-ended output ap-
proach.
The experimental chapters continue in Chapter 4 where the output from a
single-frequency ﬁbre laser is power scaled using a master oscillator power
ampliﬁer (MOPA). The chapter begins by considering some common ap-
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proaches for obtaining single-frequency output with reference to the limita-
tions in each case, before discussing in more detail the distributed feedback
approach used. In any ampliﬁer system, knowledge of the expected gain and
output power are important. This is discussed for both the small signal gain
and saturated gain regimes. The minimum seed power required for efﬁcient
ampliﬁcation was determined by considering the saturated gain and extrac-
tion efﬁciency for each of the ﬁbres used in the ampliﬁer stages. Continuing
the discussion on non-linear effects that was started in Chapter 2, the thresh-
old signal power for SBS (as this has a lower threshold power than SRS) in
each ampliﬁer stage was estimated. This allowed the determination of the up-
per limit on the signal power that should be used to avoid the onset of these
non-linear effects. Therefore, the ampliﬁer stages were designed so that the ex-
pected signal power after each ampliﬁer stage did not exceed this limit. Lastly,
the results for each ampliﬁer stage are individually presented, with discussion
given to the limitations of this system and approaches that will allow further
power scaling in the future.
Chapter 5 moves the discussion of power scaling away from ﬁbres and consid-
ers Holmium-doped YAG rods. In most cases, the performance of ’bulk’ laser
rods is limited by thermal effects as discussed in Chapter 2. Therefore, this
chapter considers cryogenic cooling of the laser crystal to reduce the impact
of these thermal effects, which therefore allows for further power scaling. The
attraction of this approach is that cryogenic cooling YAG beneﬁcially changes
the crystal’s thermo-optic properties and therefore reduces any thermal effects.
The possible enhancements due to cryogenic cooling are considered by esti-
mating the de-polarisation loss and the beam quality degradation due to ther-
mally induced phase abberation for a crystal at room temperature and liquid
nitrogen temperature (LN2).
However, cryogenic cooling does not only affect the thermo-optic properties,
but also changes the crystal’s spectroscopy. This has the impact of placing
tighter constraints on the required pumping laser bandwidth. Therefore, an
ASE probe source was used in conjunction with a scanning monochromator
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to measure the temperature dependent absorption spectra, so that a ﬁbre laser
could be designed to pump the Ho:YAG laser with the required pump band-
width. The resulting ﬁbre laser is discussed with its performance given.
For the Ho:YAG laser, two cavity designs are discussed. The ﬁrst was a ’free-
running’ laser (i.e. with no wavelength selection), and the second used wave-
length selection to force low quantum defect operation. In both cavity designs,
it is important to have a good overlap between the pump and laser signals to
achieve efﬁcient lasing. Therefore, ray transfer matrixes are brieﬂy introduced
for calculating the laser mode size in the Ho:YAG laser cavities. The attraction
of operating the Ho:YAG in two cavities was that in the free-running case the
enhancement in performance between room temperature and LN2 was high-
lighted, whilst for the low quantum defect operation further power scaling
is explored, due to the enhancement in the laser slope efﬁciency. The results
from these cavity designs are given with suggestions for further power scaling
discussed.
Finally, the thesis concludes with a discussion of the major ﬁndings and future
directions for each power scaling architecture.
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Power scaling in lasers: ﬁbre vs
bulk
2.1 Introduction
The requirement for ever higher output powers from lasers for applications
ranging from machine processing and welding through to scientiﬁc applica-
tions, medicine and defence places large demands on approaches for improv-
ing laser efﬁciency and combating performance limiting effects. To meet the
demands of these various applications, laser sources have been developed us-
ing a wide range of host materials doped (and co-doped) with different rare
earth ions (the most common being Nd, Yb, Er, Tm, Ho) for different wave-
length operation. These lasers have then been developed to operate with either
continuous wave (CW) or pulsed output. As such, the topic of power scaling
in laser sources is vast. Of particular interest in this thesis are lasers operating
in CW operation in step-index ﬁbre lasers and end pumped laser rods. There-
fore, the discussion of power scaling in lasers is restricted to consider only the
factors affecting power scaling in these regimes of interest.
In this thesis, lasers based on Thulium doped silica and Holmium doped YAG
and YLF are of particular interest because they are commercially available and
also have well understood properties given in the literature. This makes any
performance calculations easier than if less well understood materials were
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used, wheresomeofthecharacteristicswouldneedtobedetermined. Thulium
was used as the rare-earth dopant because of its emission band in the 2m
spectral region, which is of particular interest in industry and by the military
for ’eye safe’ applications. Of course at high power levels 2m radiation will
still result in damage to the eye regardless of it being outside the spectral sen-
sitivity of the eye’s photo-receptors. These lasers of interest will be predom-
inantly operated in a 3 level regime, so this chapter begins by giving expres-
sions for the laser slope efﬁciency and absorbed threshold pump power in a
3 level laser. These are applied more speciﬁcally to step index ﬁbre and end
pumped rods with discussion of the expected laser performance.
Improvements in diode technology have enabled scaling in laser output power
in both ﬁbre and bulk lasers. However, as the number of diode emitters is
increased to increase the maximum output power, the brightness is reduced.
This is discussed with reference to the impact it has on their use as pump
sourcesforbulkandﬁbrelasersystems. Alsosummarisedaresomeapproaches
for beam shaping to enhance the output brightness to make them more use-
ful for pumping rare-earth doped ﬁbres and bulk rods, as they will be used
throughout this thesis.
In most laser systems the output performance is limited by detrimental effects
of the heat generated due to the energy difference between the pump and sig-
nal photons, spectroscopic effects and defects in the material. The impact of
thermally induced effects are considered for ﬁbre and bulk systems to high-
light the limits at which they begin to degrade laser performance. Similarly,
nonlinear effects, which can be signiﬁcant in cw ﬁbre lasers, are also consid-
ered and the limits for power scaling are estimated. For both thermal and
nonlinear effects, design considerations are given which should enhance the
power scaling capabilities in bulk and ﬁbre lasers.
Lastly, the chapter is summarised, discussing the design considerations re-
quired to reduce the impact of thermal and nonlinear effects, and therefore
enable the output power to be scaled in the laser geometries of interest (i.e.
End-pumped solid-state lasers and cladding pumped ﬁbre lasers).
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2.2 CW end-pumped laser oscillators
2.2.1 Laser efﬁciency
Lasers are used for a wide range of applications, with each imposing different
constraints on the output beam properties and the overall laser performance.
For most applications it is desirable to maximise the laser output efﬁciency,
so long as this does not result in an undesirable change in the output beam
properties, such as the beam propagation factor, laser linewidth, output sta-
bility or output wavelength. A simple approximation for predicting the laser
output power is given by Pout  s(Pabs   Pthres) [1], where s is the laser
slope efﬁciency with respect to absorbed pump power, Pabs is the absorbed
pump power, and Pthres is the absorbed threshold pump power (deﬁned as
the absorbed pump power required for the round trip gain to equal the round
trip cavity losses). Using this approximation, the maximum output power can
be calculated for a given pump power, by optimising the laser parameters in
equations (2.1) & (2.3) (such as the output coupler transmission, pump and
signal beam sizes, the absorption efﬁciency and the cavity losses). The lasers
of interest in this thesis are predominantly quasi 3 level. To simplify the cal-
culation of the threshold, a simpliﬁed rate equation approach is used which
assumes rapid decay of pump excitation into the upper laser level so that the
pump level population can be assumed to be 0. The absorbed threshold pump
power can be calculated as being [2]
Pthres =
hpA
2fqabs(a(L) + e(L))
[ ln(1 L) ln(1 T)+2a(L)Nl +2Ll]
(2.1)
where p is the pump frequency, f is the ﬂuorescence lifetime of the upper
laser level, q is the pump quantum efﬁciency (deﬁned as the number of ions
excited to the upper laser level per pump photon absorbed), N is the total
rare-earth ion density, l is the length of the gain medium, abs is the pump ab-
sorption efﬁciency (such that abs = 1   exp( a(P)Nl) where a(P) is the
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absorption cross-section for the pump wavelength), L is the material attenu-
ation coefﬁcient for the laser signal, L is the loss due to the other cavity optics,
and T the output coupler transmission, and a;e(L) are the absorption and
emission cross-sections for the laser wavelength, respectively. The pumped
region A, is equal to w2
p (or r2
core for ﬁbres) assuming a ’top-hat’ pump inten-
sity proﬁle, and for a Gaussian pump intensity proﬁle A = (w2
p + w2
l )=2 [3]
where wp is the pump beam radius and wl is the laser mode radius, where it is
assumed that there is negligible beam divergence over the crystal length.
A laser is considered to be operating many times above threshold when the
signal intensity is much larger than the saturation intensity, given in a 3-level
system as
Isat =
hL
f(a(L) + e(L))
(2.2)
Whenoperatinginthisregime, andwhereitisassumedthesignalreabsorption
and background losses are signiﬁcantly lower than the loss due to the output
coupler and the other cavity optics, the slope efﬁciency can be approximated
to a simpler 4-level approximation [4] given by
s 
T
p
1   L
T
p
1   L + L
p
1   T

L
p

qabs (2.3)
where for low output coupler transmission and cavity losses this can be sim-
pliﬁed to
s 
T
T + L

L
p

qabs (2.4)
2.2.2 Implications for ﬁbre and bulk lasers
This thesis is mainly interested in lasers operating in the 2m spectral region,
using holmium and thulium doped materials. Therefore, to highlight the dif-
ferences in laser performance between end pumped ’bulk’ laser rods and ﬁbre
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lasers the examples of Tm-doped silica, YAG and YLF are compared.
From Table 2.1 it can be seen that the emission cross-section in Tm:silica is
comparable to Tm doped-YAG and YLF, suggesting that the laser thresholds
will be similar. However, the ﬂuorescence lifetime in silica is approximately 4
times shorter than in YAG or YLF, which would suggest that the threshold will
be 4 times higher in silica, but when considering that the pump area in ﬁbres
is considerably smaller than typical pump sizes in the bulk media (of the order
of 400 times smaller, using a pump beam radius of 500m and 25m in the
bulk and ﬁbre respectively). Therefore, the impact of pump area is particularly
signiﬁcant meaning that the absorbed threshold power will typically be lower
in Tm:silica. As a result, ﬁbre lasers can operate with much higher cavity losses
and output coupler transmission, whilst still having relatively low threshold
that is comparable to bulk crystal laser thresholds.
Parameter Silica YAG YLF
f 200-600s [5–8] 2.1ms [9] 2ms [10]
P 790nm 785nm 780-790nm
L 1800-2100nm 2.01m peak 1.88-1.9m peak (for
p-pol and s-pol)
a(L)
(10 20cm2)
>0.02  >1880nm
[11]
<0.01 0.06 & 0.02 (for p-pol
and s-pol)
e(L)
(10 20cm2)
0.31 =2m [12] 0.27 [9] 0.36 & 0.22 (for p-pol
and s-pol)
Table 2.1: Summary of key parameters required for calculating the
slope efﬁciency and threshold condition for diode pumped Tm-
doped silica, YAG and YLF.
Whentheslopeefﬁciencyisconsidered, bothbulkandﬁbreshouldhaveslopes
given approximately by equation (2.3) for operation well above the saturation
intensity. However, for stimulated emission to dominate over spontaneous
emission the signal intensity needs to be greater than the saturation intensity
over the entire inverted region. This is much easier to achieve in Tm-doped ﬁ-
bre lasers due to the tight signal conﬁnement in the core, even when the larger
saturation intensity is considered. As a result, ﬁbres typically have higher
slope efﬁciencies than their bulk counterparts. Furthermore, ﬁbres typically
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have much higher gain than their bulk counterparts which allows them to be
operated with high output coupler transmissions, allowing for higher slope ef-
ﬁciencies as T=(T +L) ! 1, whilst still maintaining a relatively low threshold.
Another beneﬁt of ﬁbres is that as the pump power is increased, solid-state
lasers become more susceptible to thermally induced effects which limit their
performance, as discussed in a later section.
The slope efﬁciency and threshold in Tm doped materials can be fur-
ther enhanced due to the advantageous two-for-one cross-relaxation process
3F4; 3H6 ! 3H4; 3H4 (see Figure 2.1). This two-for-one process generates 2
excited ions in the upper laser manifold for each absorbed pump photon at
790nm. Therefore, the Stokes limit of L=p can be theoretically doubled, al-
though performance approaching this limit has not yet been demonstrated. In
Tm-doped bulk crystals, this process has been exploited for a number of years,
where to obtain a high cross-relaxation efﬁciency, crystals are typically doped
with high Tm3+ concentrations (>2%) [13].
It was only recently that the same two-for-one cross-relaxation was observed
in Tm:silica. Since its observation, research has been conducted to optimise
the process to obtain higher efﬁciencies. Jackson et al. [14,15] show that the
Tm3+ doping concentration has a signiﬁcant impact on the slope efﬁciency due
to the pumping quantum efﬁciency being enhanced by the two-for-one cross-
relaxation process, as is expected from Tm:crytsal results. However, in [14]
they report that the increased Tm3+ doping concentration leads to ion clus-
tering and an increase in energy-transfer-upconversion (ETU). To overcome
this, the core is required to be co-doped with Al3+ with a ratio (Al3+:Tm3+) of
greater than 10. With this core doping arrangement, a ﬁbre laser with a slope
efﬁciency of 74% was produced [14], highlighting the beneﬁts of the two-for-
one process when this value is compared with the Stokes limit of only 40%.
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Figure 2.1: Schematic representation of the four lowest Stark levels
in Tm3+ doped silica showing the cross-relaxation process between
neighbouring Tm ions, and the pump and laser transitions [14].
2.3 Pumping considerations
2.3.1 Power scaling in diode lasers
The development of higher power diode emitters and arrays has enabled sig-
niﬁcant scaling of the output power in both ﬁbre and bulk laser systems. In
addition to their output power, the different diode materials have enabled the
emission wavelengths of these sources to be tailored to match the absorption
peaks in many rare-earth doped laser hosts. This allowed for simple pump-
ing arrangements to achieve laser output from the rare-earth doped materials
over a range of wavelengths, typically concentrated in the 0.9-2.1m region.
However, using diode lasers as pump sources is not without its complications.
A single mode diode emitter has an output beam propagation factor, M2=1,
making it ideal for pumping ﬁbres and bulk lasers, as discussed later, but it
has an output power which is limited to <1W due to critical failure of the
emitter. Therefore, in order to scale the diode output power, many diode emit-
ters must be combined to form arrays. The emission region in a diode laser is
only a fraction of the emitting face area, where the ratio between them is deter-
mined by the physical separation of the emitters and the mechanical structure
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of the semi-conductor. Considering the impact of the heat removal method, it
can be seen that for a micro-channel cooled diode, the ratio can be as high as
80% (emitter to ’dead’ space) compared to 30% without micro-channels. When
individual emitters are combined incoherently to form arrays, the beam diver-
gence from the emitters is unchanged. However, the ’dead’ space between the
emitters results in the overall beam propagation factor, M2, increasing. This
can be seen when considering the beam propagation factor deﬁned as
M
2 =
w0

(2.5)
where w0 is the beam waist,  is the far-ﬁeld beam divergence and  is the laser
wavelength. Figure 2.2 shows the effective output beam for a single emitter
compared to that for all of the emitters combined. It can be seen that beam di-
vergence of the combined beam is the same as the individual emitters, whereas
the effective beam waist increases from DE=2 for a single emitter to a group of
emitters being equal to 2w0 = DS(N  1)+DE where DS is the emitter spacing,
DE is the emitter height and N is the number of emitters. Therefore, it follows
that beam propagation factor for a single emitter, M2
S, is given by
M
2
S =
DE
2
(2.6)
compared to the beam propagation factor for a group of N emitters of
M
2
U =
(DS(N   1) + DE)
2
(2.7)
Given that a typical diode stack has an emitter height of 1m and an emitter
separation of 1.9mm [16], the beam propagation factor in the fast axis can be
calculated. Only emission in the fast axis is considered here as the beam prop-
agation factor will be largest in this axis due to the beam divergence in the
fast axis (  30 (FWHM)) being much higher than for the slow axis ((  7
(FWHM)). It can be seen that the beam propagation factor in the fast axis for a
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Figure 2.2: Schematic representation of (a) a single diode emitter
with a far-ﬁeld beam divergence  and beam waist DE=2, compared
to (b) an array of the same emitters with an overall far-ﬁeld beam
divergence of  and beam waist 0:5[DS(N   1) + DE].
6 diode bar stack operating at 808nm is M2  9500, compared to M2  1 for a
single emitter.
This reduction in the output brightness with power in diodes has had a signif-
icant impact on how effective and efﬁcient they are as pump sources for both
ﬁbre and bulk laser systems. The constraints placed on the pump launching
andperformancelimitsduetodiodebrightnessareconsideredbelow. Forboth
regimes, having an equal and low beam propagation factor in both the fast and
slow axis with a symmetrical beam proﬁle is desirable. As such, to make high
power diode lasers more useful as pump sources, many techniques have been
developed to try to preserve the emitter brightness. Those applied during this
thesis are outlined below.
2.3.1.1 Aperture ﬁlling
Diode bars and stacks have a large area of ’dead space’ between the emitting
regions, whichreducestheoveralloutputbrightness. Atechniqueforreducing
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this ’dead space’ is known as ’aperture ﬁlling’. From equation (2.7) it can be
seen that to reduce the beam propagation factor from an array of emitters re-
quires the far-ﬁeld divergence to be reduced and the beam waist to dead space
ratio to be increased. This is achieved with the ’aperture ﬁlling’ approach by
collimating the diode emitters separately in the fast and slow axis. It can be
seen in Figure 2.3, that by collimating each emitter separately the output for
each emitter has a larger beam waist and a smaller far-ﬁeld divergence, where
the change is given by U=C = DC=DE (from equation (2.5)) for U;C the un-
collimated and collimated far-ﬁeld divergences, and DC the collimated beam
diameter. It follows then that the beam propagation factor for a collimated
array of N diodes is given by
M
2
C =
(DS(N   1) + DC)C
2
(2.8)
and that the reduction in the beam propagation factor from the un-collimated
beam to collimated is given by
M2
U
M2
C
=
U
C
DS(N   1) + DE
DS(N   1) + DC
(2.9)
Therefore, achieving the largest reduction in the beam propagation factor re-
quires the space between the individual collimated beams to be minimised,
such that the collimating lens for the fast and slow axis are selected so that
the collimated beam size is approximately equal to the emitter separation, i.e.
DC=DS  1. Using the approximation that U=C = DC=DE and assuming
that the emitter size is negligible due to DE  DS, allows equation (2.9) to be
simpliﬁed to
M2
U
M2
C
=
U
C
(N   1)
N

DC
DE
(N   1)
N
(2.10)
Therefore, using the same example as in the section above for 6 diode bar stack
with an emitter size of 1m and a collimated beam size that is approximately
equal to the diode spacing of 1.9mm, the beam propagation factor will be re-
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Figure 2.3: Schematic representation of (a) an un-collimated out-
put beam and (b) a collimated output beam from a diode emitter,
highlighting that the far-ﬁeld beam divergence (U;C) is reduced
and beam waist (2w0 = DE;C) is increased for the collimated out-
put beam compared to the un-collimated.
duced by a factor of 1580 from an un-collimated output to a collimated one in
the fast axis. As such, the output beam propagation factor in the fast axis for
the 6 diode-bar stack would be M2  6.
In practice, collimating the diode emitters requires careful consideration. In
the fast axis, there is a very high beam divergence (  30 (FWHM)) which
requires the collimating lens to have a high NA and diffraction limited per-
formance, so that the beam quality is not degraded. The fast axis is collimated
using a cylindrical lens that is the length of the emitting region of the diode bar,
which enables all the emitters in the bar to be collimated simultaneously. For
the slow axis, the beam divergence is much less (  7 (FWHM)), so the con-
straints on the collimating lens are reduced such that an array of micro-lenses
can be used to collimate the output. Both the fast and slow axis collimation for
a diode-stack can be seen in Figure 2.4.
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(a) Fast-axis Collimation (b) Slow-axis Collimation
Figure 2.4: Schematic representation of the aperture ﬁlling tech-
nique applied to a diode-stack laser
2.3.1.2 The two-mirror beam shaper
Thistechniquebuildsupontheapertureﬁllingapproach, andcorrectsthelarge
difference in beam propagation factors for the slow and fast axis of the diodes
bar [17, 18]. The approach, as shown in Figure 2.5, uses two parallel high-
reﬂectivity mirrors that are separated by a small distance. The mirrors are
transversely offset from each other so that small sections of each mirror are
unobscured and can act as input and output apertures. The diode laser beam
is the incident upon the unobscured section of mirror B, with a small propor-
tion of the beam (in Figure 2.5 labelled (1)) passing over the edge of mirror A
and therefore emerging with no change in direction. The rest of the beam is
reﬂected by mirror B back towards mirror A, where beam (2) is incident on
mirror A just below beam (1). Beam (2) is then reﬂected past the side of mirror
B in the same direction as beam (1), and is thus stacked directly below it. This
process is continued until the beams are all stacked in the y axis in the output.
The result of the beam shaping is that the output beam width is reduced for
the slow axis, with approximately the same beam divergence, thus applying
the relationship, M2 = !0=, the beam propagation factor is reduced. Simi-
larly, the increase in beam size for the fast axis has the effect of increasing the
beam propagation factor. By carefully controlling the mirror angle and sepa-
ration, it is possible to convert the diode output such that M2
x  M2
y, with lim-
ited degradation in brightness. This beam can then be re-proportioned using a
combination of cylindrical and spherical lenses to obtain a more symmetrical
beam proﬁle, which can be used to directly pump a solid state laser or simi-
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larly be focused into a multi-mode delivery ﬁbre. However, if a delivery ﬁbre
is used, the power will be reduced due to coupling losses and background
attenuation losses in the ﬁbre.
(1)
(2)
(4)
(3)
Output Beam Mirror A
Mirror B
y
x
Incident Beam
(a) plan view
(3)
(1)
(2)
(4)
Incident Beam
Output Beam Mirror A
Mirror B
x
y
(b) side view
Figure 2.5: Two-mirror beam shaper: (a) plan view (b) side view
2.3.1.3 Polarisation combining
Diode lasers have highly polarised output, which are not always required in
their applications. It is therefore possible to exploit this to reduce the beam
propagation factor (M2) in the slow axis by up to a factor-of-two. In this ap-
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proach, shown in Figure 2.6, the beam is halved at the beam waist using a
knife-edge mirror to produce two beams of roughly equal beam dimensions
and each with a beam propagation factor which is half that of the incident
beam. Onearm’spolarisationisthenrotatedusingahalf-waveplatesothatit’s
orthogonal to the other arm. The two beams are then polarisation combined
using a polarising beam splitter, with the ﬁnal output having half the input
beam propagation factor in the slow axis, and limited beam quality degrada-
tion in the fast axis.
Input Beam
2 2 (M , M ) x y ë/2 plate
Polarising Beam Splitter
Knife Edge Mirror
Output Beam
2 2 (M /2, ~M ) x y
Figure 2.6: Schematic of polarisation recombining using a knife
edge mirror, half-wave plate and polarising beam splitter.
2.3.2 Fibre lasers
In step-index ﬁbres, pump light is either directly launched into the core or is
alternatively launched into the inner cladding, depending on the pump beam
parameters, as shown in Figure 2.7. As can be seen, the refractive index proﬁle
is different depending on where the pump light is guided. For core pumping,
the ﬁbre is typically designed such that nclad < ncore < nouter for a step-index
ﬁbre, so that only core propagation modes are supported. Core pumping has
the advantage of a high absorption compared to cladding pumping due to
25Chapter 2 Power scaling in lasers: ﬁbre vs bulk
the strong overlap between the pump and doped region. As a result, much
shorter device lengths can be used which is ideal for some applications, such
as for Distribute Feedback (DFB) lasers. Furthermore, the output signal wave-
length of a ﬁbre laser is dependent on ﬁbre length, where Clarkson et al [19]
show that in Tm-doped silica, when the device length is increased the opera-
tional wavelength is also increased because of the reduced re-absorption loss
for longer wavelengths.
Pump
Output
Core Cladding
Outer-coating r
n(r) 
(a) Core Pumping
Pump
Output
Core Inner-Cladding
Outer-coating r
n(r) 
(b) Cladding Pumping
Figure 2.7: Fibre cross-sections and radial refractive index proﬁle
for the ﬁbre in a (a) core pumped and (b) cladding pumped ﬁbre
geometry
The limitation of core pumping is that when using single-mode ﬁbres, the
pump source will typically need to have a low beam propagation factor to ob-
tain a high launch efﬁciency. A rough estimation of the required beam propa-
gation factor can be calculated from equation (2.5), where the paraxial approx-
imation for small angles is applied such that the far-ﬁeld divergence is given
by sin   = NA, the core’s numerical aperture. For a ﬁbre to be single-mode
it is deﬁned as having a V-value of V < 2:405 for a step-index ﬁbre, where the
V-value is given by
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V =
2rcore

NA (2.11)
For a typical single-mode ﬁbre operating at 2m, the core radius is 5m with
an NA of 0.15. For diode pumping at 790nm (to take advantage of the bene-
ﬁcial two-for-one cross-relaxation), the diode output beam propagation factor
will need to be M2 < 3. Therefore, higher pump power arrays can not be used
due to their low brightness. As a result, the output from core pumped ﬁbre
lasers will typically be limited to lower operational power levels.
To scale the output power in ﬁbre lasers, high power diode lasers must be
used. To accommodate these low brightness sources, the ﬁbre design must
be altered such that the inner cladding refractive index is changed to allow
cladding guiding modes (i.e. nouter < nclad < ncore). In this case, the restric-
tion on the maximum pump beam propagation factor can be relaxed, as can be
seen by equation (2.5) due to an increased spot size and NA. However, light
launched into the inner cladding will only partially overlap with the core as it
propagates along the ﬁbre and is absorbed. As a result, the device lengths re-
quired for efﬁcient pump absorption will be signiﬁcantly increased compared
to core pumping. Many inner-cladding structures have been designed to in-
crease the pump overlap with the core, with some examples shown in Figure
2.8 [19–21]. The conventional inner cladding geometry consists of a circular
cladding with a central core due to the simplicity of its manufacture. How-
ever, with this geometry, some guided ray trajectories do not pass through
the core, thereby hindering effective pump absorption. One approach to over-
come this is to offset the ﬁbre core so that these pump trajectories now overlap
with the core, as seen in Figure 2.8(b). However, for this to be practical the
core has to be offset by a large amount, which makes fabrication more chal-
lenging. Alternatively, the inner cladding geometry can be changed such that
these guided rays are re-directed to overlap with the core. The choice of the
inner cladding geometry is dependent on the ﬁbre’s application. For example,
if the ﬁbre was going to be spliced to other ﬁbres the only design that is rela-
tively easy to splice (other than circular) is the polygon-shaped inner cladding.
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Alternatively, if the diode pump source has not been beam shaped and has an
asymmetrical beam, then the rectangular inner cladding may be suitable for
aiding the pump launch, as well as pump absorption. For most free space
laser systems, increased pump absorption is obtained by using a D-shaped in-
ner cladding due to the ﬂat surface breaking the symmetry, as well as the ﬁbre
being relatively easy to fabricate.
(a) (b)
(e) (d) (c)
Figure 2.8: Fibre cross-sections for different inner cladding geome-
tries: (a) Circular, (b) Circular with an offset core, (c) Polygon-
shaped, (d) D-shaped, and (e) Rectangular.
Applying these cladding geometries enables the ﬁbre to achieve its absorption
coefﬁcient. However, for increased absorption, either the doping concentra-
tion and/or the core size need to be increased. Increasing the core size is com-
monly used as the larger core, and resulting increased absorption coefﬁcient,
allows shorter device lengths to be used whilst maintaining a high pump ab-
sorption efﬁciency, which has the beneﬁt of reducing the impact of detrimen-
tal nonlinear effects, which are discussed in more detail later. In order for this
larger core ﬁbre to remain single-mode the core NA must be reduced. How-
ever, the minimum NA that is achievable in conventional step-index ﬁbres is
0.04-0.05. This placesan upperlimit onthe coreradius beforemore advanced
ﬁbre designs are required to scale it further. For a ﬁbre operating at 2m, this
means the largest core radius obtainable that still supports only the fundamen-
tal mode is rcore 19m.
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In addition to pump absorption considerations, the inner-cladding can also
be modiﬁed to induce a birefringence in the ﬁbre, enabling the core propaga-
tion to be polarisation-maintaining (PM). This is desirable for polarised laser
cavities and polarised master oscillator power ampliﬁer conﬁgurations. The
two commonly used approaches are the bow-tie design and the Panda design,
aptly named after the cross section patterns as seen in Figure 2.9.
Rare-earth 
doped core
Boron doped
Stress Rods
Pure silica
inner cladding
(a) Panda
Rare-earth 
doped core
Boron doped
Stress Region
Pure silica
inner cladding
(b) Bow-Tie
Figure 2.9: Fibre cross-sections for polarisation-maintaining ﬁbres
using (a) the Panda and (b) the Bow-tie approach.
2.3.3 End-pumped laser rods
The advantage of end-pumping over other schemes, such as side-pumping, is
that it ensures a good spatial overlap between the pump beam and the laser
cavity mode and therefore a high inversion density only in this region. Addi-
tionally, closely matching the pump beam and fundamental laser mode helps
to reduce the gain available to higher order modes outside the fundamental
mode region, which reduces wasted pump energy implying a greater overall
efﬁciency, as well as avoiding multi-mode operation. This is desirable as in
the absence of any beam quality degradation, the output for the laser will be
approximately diffraction limited (M2 1).
To obtain a reasonable threshold condition, such that Pthres  Pp max, requires
thepumpbeamandlasermodetobesmallinthepumpedregionofthecrystal.
The constraint for this is often determined by the pump source’s beam prop-
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agation factor. For a given crystal length the minimum pumped volume can
be calculated from the beam size as a function of position through the beam
focus, given by
!(z) = !0
"
1 +

z
z0
2# 1
2
(2.12)
where !(z) is the beam size at position z, !0 is the beam waist, and z0 is the
Rayleigh range deﬁned as the distance from the beam waist position to where
the beam radius has expanded to
p
2w0. The Rayleigh range is given by
z0 =
nw2
0
M2
(2.13)
where  is the laser wavelength, n is the refractive index of the material and
M2 is the beam propagation factor. The beam waist is deﬁned as
w0 =
M2
n
(2.14)
for the far ﬁeld divergence . These parameters are shown in Figure 2.10. The
minimum pump volume can be calculated from equation (2.12) by setting the
beam waist half way along the crystal and by assuming a circular symmetri-
cal beam. By squaring both sides and multiplying by , the beam area as a
function of position is given by
!
2(z) = !
2
0
"
1 +

z
z0
2#
(2.15)
Now integrating equation (2.15) between 0 and l=2 gives the volume of half
the crystal as
Vpump
2
=
!2
0
2

l +
l3
12z2
0

(2.16)
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  w0 臣w0
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Figure 2.10: Schematic showing the beam size as it propagates
through a beam waist (w0).
The minimum volume is calculated by differentiating this with respect to l and
setting it to 0, such that
dVpump
dl
= !
2
0

1 +
l2
4z2
0

= 0 (2.17)
therefore the minimum volume is achieved when l = 2z0, where twice the
Rayleighrangeisknownastheconfocalparameter. Forthisreason, thispump-
ing conﬁguration is called confocal pumping. If the rod length is longer than
the length over which most of the absorption occurs, then as a rough guide
the confocal parameter can be reduced to three absorption lengths, l = 1=P,
which corresponds to 95% absorption of the incident pump light. Adjusting
the confocal parameter to this shorter length will reduce the beam waist size
and therefore reduce the threshold condition.
2.4 Thermal effects
In any laser system, power scaling is limited due to thermally induced effects
caused by pump energy converted to heat. This section highlights some of the
main sources of heat generation in laser systems and the main effects it has on
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laser performance. The limits imposed by thermal effects are considered below
for silica step-index ﬁbres and ’bulk’ lasers based on cylindrical YAG rods. Un-
derstanding these limits and the factors that contribute to them enables laser
systems to be designed such that thermally induced limits on performance can
be reduced, with the result that higher output powers can be obtained, as dis-
cussed below.
2.4.1 Sources of unwanted heat
Thermal management in laser systems has an important role for obtaining
efﬁcient laser operation. Heat generation in laser systems has many origins
including: quantum defect heating, excited-state absorption (ESA), energy-
transfer upconversion (ETU), as well as absorption by impurities. Quantum
defect heating, shown in Figure 2.11(a), is caused by the net difference in en-
ergy between the pump and laser signal photons (ie E = hp   hL), such
that the excess energy is converted to heat, increasing the laser material’s tem-
perature. ESA, shown in Figure 2.11(b), is where an ion in the upper laser level
absorbs a pump or signal photon and is excited to a higher energy level. From
this higher level the ion decays back to the upper laser level via non-radiative
transitions, therefore increasing the material temperature. Similarly, ETU is
a process, shown in Figure 2.11(c), where two excited ions in close proximity
exchange energy such that one ion is de-excited to a lower energy level and
the other excited to a higher one. The excited ion can then decay back to the
upper laser level via non-radiative decay, with the energy difference between
the levels converted to heat. This ETU process is strongly dependent on the
rare-earth ion concentration and excitation density, with it becoming more sig-
niﬁcant when both are high.
2.4.2 Critical failure limits
An edge mounted laser rod or ﬁbre laser with its outer cladding heat sunk or
convection cooled can be considered as a cylindrical geometry with periphery
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Figure 2.11: Energy level representation for (a) Quantum defect
heating, (b) ESA, and (c) ETU.
at a ﬁxed temperature. Under steady state conditions the heat ﬂux h(r;z) must
satisfy the equation [22]:
r:h(r;z) = Q(r;z) (2.18)
where Q(r;z) is the heat deposition density, Q(r;z) = dP(r;z)=dV , and P(r,z)
is power converted to heat. From Fourier’s Law, the heat ﬂux results in a
temperature distribution T(r;z) given by [22]
h(r;z) =  krT(r;z) (2.19)
By making the simplifying approximation that the axial heat ﬂow is negligible
and therefore that the heat ﬂow is purely radial, then the total radial heat ﬂow
from a volume bounded by z and z is equal to the net heat generated in the
region [22]
2rzh(r;z) =
Z z+z
z
Z r
0
2r
0Q(r
0;z)dr
0dz
0 (2.20)
For a constant heat deposition density within the pumped region (ie r < rp)
and no heat load outside this region, the heat ﬂux is given by
h(r;z) =
Pp(z)phr
2rp
2 for (r  rp) (2.21)
h(r;z) =
Pp(z)ph
2r
for (r > rp) (2.22)
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where Pp(z) = Pp(0)exp( z) is the pump power at position z, h is the frac-
tion of the pump power converted to heat, p is the absorption coefﬁcient for
pump light, and rp is the pump beam radius (where rp is the core radius in
ﬁbres).
Applying the boundary conditions that h(r;z) and T(r;z) are continuous at the
boundaries between layers, the temperature distribution can be obtained from
equation (2.19) as being
T(r;z) = T(r;z)   T(0;z) =  
1
k
Z r
0
h(r
0;z)dr
0 (2.23)
In the case of a rod, the temperature distribution is given by
T(0;z)   Ts =
Ph(z)
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and for a double clad ﬁbre is given by
T(0;z)   Ts =
Ph(z)
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wherePh(z) = Pp(z)ph istheheatgeneratedperunitlength, Ts istheambient
temperature of the surroundings, T(0;z) is the temperature in the centre of the
material (and pumped region), r1 is the rod/inner cladding radius, r2 is the
outer polymer coating radius, k1 is the thermal conductivity of the laser rod
or the core and inner cladding of the ﬁbre, k2 is the thermal conductivity of
the outer polymer coating of a double clad ﬁbre, and H1;2 are the heat transfer
coefﬁcients for laser rod and the outer polymer coating, respectively.
Using these equations, the heat deposition per unit length required to soften,
melt or damage the material can be calculated, thus yielding a critical failure
value for a laser rod as being
Ph max = 4(Tm   Ts)

1
k1
+
2
k1
ln

r1
rp

+
2
r1H1
 1
(2.26)
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and for a double clad ﬁbre as
Ph max = 4(Tm   Ts)
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r1

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2
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 1
(2.27)
where Tm is the softening, melting or damage temperature of the material.
If silica ﬁbres are considered, the thermal load required to melt the silica can
be seen in Figure 2.12, where it is plotted for a 25m core ﬁbre with inner
cladding diameters of 200m, 400m and 600m, and a 50m thick outer poly-
mer cladding. These inner claddings were chosen due to them typically being
used and to highlight the increase in the required thermal load to melt silica for
a given heat transfer coefﬁcient. Figure 2.12 shows that for low power systems,
convection cooling (ie. H 10Wm 2K 1 [23]) is sufﬁcient for keeping a ﬁbre
below its melting point. However, for high power lasers, the pump power
available from commercially available diodes can be of the order of several
kW’s, meaning that there is an inherently higher thermal load in the laser rod
which requires the heat transfer coefﬁcient to be in excess of 1000Wm 2K 1 to
remain below the melting temperature of silica.
However, considering only the melting point of silica is not the whole story
as the outer polymer coating has a much lower damage threshold of typically
Td  150C, which can be reached before the core temperature reaches silica’s
melting point. The heat deposition per unit length required for the outer poly-
mer coating to reach its damage limit can be calculated from
Ph max = 4(Td   Ts)

2
k2
ln

r2
r1

+
2
r2H2
 1
(2.28)
Figure 2.13 shows the heat deposition per unit length required to melt/soften
the outer polymer coating as a function of the heat transfer coefﬁcient for the
same ﬁbre dimension used in Figure 2.12. It can clearly be seen that the outer
polymer coating damage threshold will be reached well before that of silica.
Therefore, from equation (2.28) and the Figure, it can be seen that the strategy
required for scaling to higher power levels is to increase the inner cladding
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Figure 2.12: The maximum heat deposition required to reach the
melting point in the core as a function of the heat transfer coefﬁ-
cient for a 25m diameter core ﬁbre and an inner cladding diameter
of 200m, 400m and 600m, and an outer polymer coating thick-
ness of 50m. The melting point of silica is used as Tm  2000K,
the surrounding temperature Ts = 293K, and the thermal conduc-
tivity for silica and the outer polymer coating of 1.38W/mK [24]
and 0.1W/mK, respectively.
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Figure 2.13: The maximum heat deposition required to reach the
damage limit of the outer polymer coating as a function of the
heat transfer coefﬁcient for a 25m diameter core ﬁbre and an inner
cladding diameter of 200m, 400m and 600m, and an outer poly-
mer coating thickness of 50m. Using the damage limit of coating
as Td  450K, the surrounding temperature Ts = 293K, and the
thermal conductivity of the outer polymer coating is 0.1W/mK.
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diameter whilst reducing the outer polymer coating thickness. Additionally,
employing a good thermal management system around the ﬁbre will enable
higher heat transfer coefﬁcients to be obtained. For example, mounting the
ﬁbre in a v-groove heat sink with water cooling will improve the heat trans-
fer coefﬁcient over that from convection cooling, as the thermal conductivity
is increased due to the mount having a higher thermal conductivity than air
combined with active removal of the heat to an external water cooler allowing
the temperature of the block to remain constant. Furthermore, for a cladding
pumped laser, increasing the inner cladding radius will reduce the absorption
coefﬁcient for a ﬁxed core radius, which means that a longer device length is
required to obtain efﬁcient pump absorption. As a result, the power dissipated
asheatperunitlengthisreduced, therebyincreasingthetotalpowerconverted
to heat required to reach the damage limit for a given coating and heat transfer
coefﬁcient.
The melting threshold in bulk laser rods is now considered. Using the exam-
ple of a 5mm diameter YAG laser rod (as this is of interest in this thesis), the
thermal load required to melt it, as a function of the pump beam diameter
and the heat transfer coefﬁcient, can be seen in Figure 2.14. The pump beam
sizes of 200m, 500m and 1mm in diameter were chosen to highlight the dif-
ference beam size has in the typical range used in bulk laser systems. Figure
2.14 shows that the heat deposition density per unit length required to reach
this limit is very high for heat transfer coefﬁcients H >10Wm 2K 1. How-
ever, given the short crystal lengths used in solid-state lasers, typically less
than a few centimetres, the heat deposition density is much higher than in a
ﬁbre laser system. As a result, very small thermal loads can cause crystal dam-
age without adequate cooling. This is highlighted if we use the example rod
in Figure 2.14 which is convectively cooled (H 10Wm 2K 1 [23]), in which
case the required power dissipated as heat to melt a 3cm long YAG rod is only
10W. Thus, for high power operation the rod requires active cooling, which
is achieved with a water cooled heat sink with a good thermal contact along
the shaft of the rod. In this case, for the same 3cm long rod, from Figure 2.14 it
can be seen that for a given pump spot size the power dissipated as heat would
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need to be greater than 450W for H >1000Wm 2K 1, which is achievable with
water cooling using a air cooled heat exchanger (where the heat transfer co-
efﬁcient for the exchanger varies from between 600-750Wm 2K 1 [25]), and
for Ph >1kW requires H=105Wm 2K 1 which is not practically achievable. It
needs to be acknowledged that different bulk materials will have a different
melting point, so the thermal loads required for melting will differ. However,
in general they are all the same in that they will all require active cooling for
high power operation.
Figure 2.14: The maximum heat deposition required to reach the
meltingpointinYAGasafunctionoftheheattransfercoefﬁcientfor
a 5mm diameter rod and pump beam diameters of 200m, 500m
and 1mm. The melting point of YAG was used as Tm  2220K, the
surrounding temperature Ts = 293K, and the thermal conductiv-
ity of YAG as 10W/mK [26].
In addition to thermal damage, the radial variation in temperature will result
in induced stresses due to the differential expansion with temperature across
the material, which can lead to fractures in the material. Bulk crystalline solids
and some glassy materials are stronger in compression than in tension, making
surfaces susceptible to fracture due to the tangential and z direction tensile
forces [23]. This critical fracture limit can be calculated in terms of the heat
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deposition per unit length as being [23]
Ph max =
4Rt
1  
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p
2r2
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 (2.29)
where
Rt =
k1max(1   )
E
(2.30)
is the Thermal shock parameter. For r2
p=r2
1  1 this simpliﬁes such that
Ph max  4Rt (2.31)
It is worth noting that these calculations for the stress-fracture limit are only
a guide, as the actual fracture point is very dependent on the material quality
and the surface ﬁnish [13,23].
The stress fracture limit in silica can be estimated using the values of ksilica =
1:38W=mK [24],  = 0:55  10 6K 1 [24], max = 150MPa [24], E = 73GPa
[23], and  = 0:16 [23]. Using these values gives a thermal shock parameter
of Rt = 4330W=m. Using the ﬁbre dimensions from the melting point calcu-
lations, the maximum heat deposition per unit length at which stress fracture
occurs is 45.4kW/m. This is clearly well above the heat deposition density
achievable with available laser diode technology. Furthermore, the required
power is far in excess of the damage point of the outer polymer cladding
which will limit power scaling well before the thermal load for stress fracture
is achieved.
This is not the case for the stress induced fracture limit in YAG. Using the val-
ues  = 0:25 [27], k = 10W=mK [26], max = 280MPa [28], E = 282GPa [28],
 = 6:65  10 6K 1 (calculated for 293K using [28]), the thermal shock pa-
rameter is Rt = 1120W=m. Therefore, using equation (2.31) the maximum heat
deposition is 14kW/m. In YLF Rt = 180W=m [29], so the heat deposition to
fracture the crystal is 2.25kW/m, which is a factor of 7 lower than for YAG.
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Given that solid state laser crystals are typically of the order of a few centime-
tres, this means that the power converted to heat to reach the stress fracture
point can be of the order of a few hundred watts. So, for high power systems
with a high quantum defect, plus other sources of heat, this can pose a serious
constraint on performance. This is especially true when the surface quality of
the rod is considered as this can reduce the stress limit signiﬁcantly [24].
2.4.3 Performance degrading effects
Before the critical failure limits discussed above are reached, the temperature
distribution in the material will result in stress induced birefringence, thermal
lensing in bulk materials, and thermal guiding in ﬁbres, which can all seri-
ously degrade the laser performance. The induced stresses in the radial and
tangential directions are different such that the resulting refractive index in
each direction is also different, causing an induced birefringence in the mate-
rial. In a polarised cavity conﬁguration, the induced birefringence will result
in an additional cavity loss. This de-polarisation loss is given by [30]
Ld =
R 2
0
R wl
0 [Iin(r;)fd(r;)]rdrd
R 2
0
R wl
0 Iin(r;)rdrd
(2.32)
where Iin(r;) is the intensity beam proﬁle and fd(r;) is the de-polarisation
loss, with both being functions of the radius r and the angle . For a pump
beam with a ’top-hat’ intensity function, such that the intensity is 0 for beam
radiigreaterthanthebeamradiuswp, andthatthepumpabsorptionisuniform
along the rod, the de-polarisation function for a round-trip in the cavity is
given by [30]
fd(r;) = [sin(CTPhT(r=wp)
2)]
2[sin(2)]
2 (2.33)
where PhT =
R z
0 Ph(z)dz = Pp(0)(1   exp( pz))h, and CT =
2n2
0CB
k where
CB deﬁned by Koecher [13] is a function of the material’s elasto-optical coef-
ﬁcients. Making the simplifying assumption that the laser beam radius, wl, is
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less than the pump beam radius, the de-polarisation loss is given by [30]
Ld =
1
4
2
6
6
41  
sin

2CTPhT

wl
wp
2
2CTPhT

wl
wp
2
3
7 7
5 (2.34)
The signiﬁcance of this additional cavity loss becomes apparent when the laser
performanceisconsidered, withanincreasedlossresultinginaincreasedthresh-
old pump power and a decreased slope efﬁciency.
In polarised solid-state laser cavities, the depolarisation loss can signiﬁcantly
affect the laser performance. Figure 2.15 shows the de-polarisation loss as
a function of the dissipated heat, as well as its impact in a loss-less cavity
with a 10% transmitting output mirror. This was calculated assuming that
wl=wp = 1 and using the values of  = 0:25 [27], E = 2:84  106 kg:m=cm2
[27], k = 10W=mK [26],  = 6:65  10 6K 1 calculated for 293K using [28],
CB =  0:00474 (calculated using CB deﬁned in Koecher [13] and the val-
ues p11 =  0:07145, p12 = 0:02325 and p14 =  0:0332 [31]) and therefore
CT =  9:77  10 3W  1. It shows that above 10W of total dissipated heat
the slope efﬁciency begins to reduce. This fall off continues such that by 80W
of total heat load, the slope efﬁciency will be reduced by 50%. This heat load is
well within practical pumping loads so would need to be addressed for further
power scaling. In addition to the decrease in slope efﬁciency, the threshold will
increase as the de-polarisation loss increases, further reducing the output per-
formance of the laser. Various approaches for overcoming the de-polarisation
loss have been developed (for examples see [13,30,32,33]). However, these are
not described further, as the method employed in Chapter 5 for counteracting
the de-polarisation loss in YAG uses cryogenic cooling to beneﬁcially change
the thermo-optic properties in YAG, such that the de-polarisation loss is signif-
icantly reduced. Therefore, the methods employed in the examples above for
reducing the de-polarisation loss are not required.
In ﬁbre lasers, thermally induced stress birefringence would not normally be
considered, given that ﬁbres are not polarisation maintaining (PM), without
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Figure2.15: Showingtheimpactofthede-polarisationlossinaYAG
laser rod as a function of total dissipated heat and the impact of this
loss on the slope efﬁciency due to the
T
p
1 L
T
p
1 L+L
p
1 T component, for
a cavity with a 10% transmitting output coupler and no additional
cavity losses.
the use of specially designed ﬁbres, as previously discussed. In the case of
these PM ﬁbres, the induced birefringence caused by the stress rods should
exceed any caused by thermally induced stresses. This can be seen when one
compares the stress induced birefringence in a PM ﬁbre which is of the order of
nr   n  10 4 [34] to those thermally induced of 10 6 for reasonable heat
loads. Therefore, thermally induced birefringence should not be a limitation
for ﬁbre lasers.
For end-pumped solid state lasers in a rod geometry, the radial variation in
refractive index with temperature results in a thermal lens. There are three
main components that determine the strength of this thermal lens, which are
the temperature dependent refractive index (dn/dT), stress induced changes
in refractive index, and end face curvature. In YAG, the dominant factor is the
dependence on dn/dT which in the case of Nd:YAG was reported to account
for 80% of the thermal lensing focal length [13]. The relative contributions
do however vary between laser hosts depending on the particular material’s
thermo-mechanical and thermo-optical properties. Clarkson [33] derived ex-
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pressions for the thermal lens of a ’top-hat’ and Gaussian pump intensity pro-
ﬁle, with the simplifying assumptions that the axial heat ﬂow is negligible and
the only contribution to thermal lensing is from the temperature dependent
refractive index. From these assumptions, the thermal lens focal length for an
arbitrary intensity proﬁle IP(r) was expressed as [33]
fth(r) =
2kr2
Pphabs
dn
dTs(r)
=
2kr2
PhT
dn
dTs(r)
(2.35)
where s(r) is the fraction of the pump power contained within a disc of radius
r given by
s(r) =
2
Pp
Z r
0
r
0Ip(r
0)dr
0 (2.36)
In general, equation (2.35) predicts a thermal lens with a radially varying focal
length for a pump beam that has a radially varying intensity. For most prac-
tical pump beam proﬁles, which have a strong radial intensity variation, this
implies a highly aberrated thermal lens that will severely degrade the beam
quality. To highlight the impact of the pump beam intensity proﬁle on the
thermal lens, the special cases of a ’top-hat’ and Gaussian proﬁle are consid-
ered.
For ’top-hat’ pumping, the intensity proﬁle is uniform across the pump beam
radius wp, such that Ip = Pp=w2
p for r  wp and Ip = 0 for r > wp. Therefore,
the thermal lens focal length of a ’top-hat’ intensity proﬁle is [33]
fth(r) =
2kw2
p
PhT
dn
dT
for (r  wp) (2.37)
fth(r) =
2kr2
PhT
dn
dT
for (r > wp) (2.38)
From equations (2.37) and (2.38) it can be seen that for r  wp the thermal lens
is independent of the radius, and as such for wl < wp the beam is not aberrated.
However, for wl > wp the focal length varies with r2 suggesting that the beam
will become highly aberrated for high thermal loads.
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For a Gaussian pump proﬁle with Ip(r) =
2Pp
wp exp

 2r2
w2
p

the thermal lens focal
length is [33]
fth(r) =
2r2fth(0)
w2
p[1   exp( 2r2=w2
p)]
(2.39)
where fth(0) is the focal length on axis given by
fth(0) =
kw2
p
PhT
dn
dT
(2.40)
This implies that for a Gaussian pump proﬁle, the thermal lens on axis is a fac-
tor of two stronger than the ’top-hat’ proﬁle, and is highly aberrated for both
r  wp and r > wp. The signiﬁcance of this is that although the Gaussian pump
beam will have a better spatial overlap with the fundamental mode and there-
fore a lower threshold and higher slope efﬁciency than for a ’top-hat’ pump
beam proﬁle, it does however suffer from a more pronounced beam distortion
and degradation in the laser beam quality.
Siegman [35] used a quartic approximation of the phase aberration of a spher-
ical lens to express the degradation in beam quality for a Gaussian laser signal
for a plano-convex lens. For an input beam propagation factor M2
i , the ﬁnal
beam propagation factor M2
f after passing through the medium, is given by
M
2
f =
q
(M2
i )2 + (M2
q)2 (2.41)
whereM2
q isthedegradationtothebeampropagationfactorforaquarticphase
aberration. Using this approximation for the phase aberration caused by a
thermal lens, Clarkson [33] showed that for a thermal lens generated by an ar-
bitrary pump intensity proﬁle Ip(r) and with the simplifying assumption that
wl < wp, so that higher order aberrations can be neglected, the beam propaga-
tion degradation factor is given by
M
2
q =
habsw4
l
4k
p
2
dn
dT
d2Ip(r)
dr2 at r = 0 (2.42)
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For a ’top-hat’ pump intensity proﬁle d2Ip(r)=dr2 = 0 implying that there is
no degradation in beam quality, supporting equation (2.37). However, for a
Gaussian pump intensity proﬁle, d2Ip(r)=dr2 = 8Pp=w4
p for r = 0, which im-
plies that
M
2
q =
dn
dT
2PhT
k
p
2

wl
wp
4
(2.43)
This indicates that the beam quality degradation is not only dependent on the
power dissipated as heat, dn=dT and the thermal conductivity, but also very
strongly on the signal to pump overlap. It can be seen that choosing wl < wp
helps to reduce the beam quality degradation, but does have the disadvantage
that the laser intensity in the wings may be too low to saturate the gain in the
outer sections of the pumped region, leading to a reduction in efﬁciency, as
well as higher order mode lasing resulting in reduced beam quality.
Using equation (2.43) for a Gaussian pump beam, the power dissipated as heat
required for the beam quality to be signiﬁcantly degraded can be calculated.
For example, if the beam propagation factor was M2=1, and a ﬁnal beam prop-
agation factor of M2
f 1.2 was acceptable (i.e. M2
q=0.66), the maximum heat
dissipated would be
PhT =
0:47k
dn
dT

wp
wl
4
(2.44)
For an edge cooled Tm:YAG rod operating at 2m, where dn=dT = 10  10 6
[23], k = 10Wm 1K 1 [26] and with a wp=wl  1, then the maximum power
dissipatedasheatforthebeampropagationfactortobeincreasedtoM2
f 1.2is
PhT  1:2W. This implies an absorbed pump power of 6W (assuming h=0.2,
i.e. that there is perfect two-for-one cross-relaxation), which means that the
beam quality degradation will become observable at low power levels. It is
worth noting that Clarkson’s [33] work above is only strictly valid for a single
pass of a pump laser rod. However, even considering this, the analysis still
suggests that laser performance will become degraded for thermal loads of a
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few tens of watts, and therefore will be a major problem for power scaling.
For step-index ﬁbres, the temperature increase, due to the power dissipated as
heat, leads to changes in the core’s refractive index. The radial variation in the
refractive index is given by [36]
n(r) = n0  
dn
dT
Ph
4r2
corek
r
2 (2.45)
where n0 is the on axis refractive index and Ph is the power dissipated as heat
per unit length. The refractive index has a quadratic proﬁle, so acts like a
quadratic waveguide which has a guided Gaussian beam of constant radius,
called the thermal guiding radius, given by [36]
wth =
 
2k2r2
core
n0Ph
dn
dT
!1=4
(2.46)
In ﬁbre’s this thermally guided mode can signiﬁcantly impact the performance
if it is less than the fundamental mode radius of the un-pumped step-index
ﬁbre. In silica ﬁbres, the thermal guiding results in tighter mode conﬁnement,
resulting in a reduced overlap with the inversion at the edge of the core and
therefore a decrease in efﬁciency for the fundamental mode. Additionally, the
unsaturated gain around the edge of the core can allow higher order modes
to oscillate or similarly ASE to see gain, which in both cases would reduce the
output beam quality. The fundamental mode radius w0 in a step-index ﬁbre is
given by [37] w0 = rcore=
p
lnV where V = 2rcoreNA= [38] and the ﬁbre NA
is given by NA =
p
n2
core   n2
clad (for NA  1). Thermal guiding will impact
on the laser performance when wth  w0, meaning that it is a problem when
Ph max 
2k2(lnV )2
r2
coren0
dn
dT
(2.47)
Forastep-indexﬁbretobesingletransversemodetheV-valuehastobe<2.405.
Figure 2.16 shows the required dissipated heat for a single-mode ﬁbre to be-
come degraded due to thermal guiding as a function of the core radius. It
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can be seen that thermal guiding will have a greater effect on guiding and
hence performance in larger cored ﬁbres. Therefore, careful selection of the
ﬁbre geometry is required to balance the performance degradation limits from
thermal guiding with the beneﬁts gained by an increased core radius which
increases the non-linear threshold signal intensity, as discussed in the next sec-
tion. However, the Figure shows that the power dissipated as heat for thermal
guiding to begin to degrade the performance is >450W/m for a 20m radius
core ﬁbre with a signal wavelength at 2m, which would imply an absorbed
pump power in excess of 750W/m (assuming h=0.6). As such damage to the
outer coating will limit the laser performance before thermal guiding becomes
signiﬁcant.
Figure 2.16: Showing the power dissipated per unit length for the
thermal guiding mode size to equal the fundamental mode size
in a step-index ﬁbre with a V-value of 2.405 as a function of the
core radius for a laser operating at 1m and 2m. Calculated using
ksilica = 1:38W=mK [24], dn=dT = 10  10 6K 1 [23] and n0 = 1:45
[23].
However, this is not always necessarily the case when considering a laser op-
erating at 1m. It can be seen from Figure 2.16 that in a single mode ﬁbre the
required dissipated heat for thermal guiding to degrade performance at 1m
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is much lower than for the same radius single mode ﬁbre at 2m. For exam-
ple, for a 20m core ﬁbre the power dissipated as heat for thermal guiding to
degrade the performance is >120W/m. This is 4 times lower than the required
power at 2m for the same core radius and V-value. The reason for this dif-
ference is due to the core’s NA at 2m being twice that of the core at 1m at a
ﬁxed core radius and V-value, as can be seen by the deﬁnition of the V-value,
V = 2rcoreNA= [38]. The signiﬁcance of this is that ﬁbre lasers operating
at 2m are much less susceptible to thermal guiding than at 1m, thus high-
lighting a potential beneﬁt of operating ﬁbre lasers at longer wavelengths. It
is worth noting though that even at 1m the power required for thermal guid-
ing to degrade the performance is still higher than the thermal load required
to damage the outer polymer coating. But, depending on the ﬁbre’s thermal
management approach, the thermal guiding at 1m could still impact on laser
performance. This can be seen when a 200m radius inner cladding ﬁbre with
a 50m thick coating is considered (as used previously in Figure 2.13), where
the heat transfer coefﬁcient is 1000Wm 2K 1, the power dissipated as heat to
damagethecoatingisonly160W/m. Therefore, itispossibleatthesethermal
loads that thermal guiding is beginning to degrade laser performance before
coating damage occurs.
In addition to the critical damage limits and the degradation in performance
discussedinthissection, thethermo-opticalandthermo-mechanicalproperties
of the material are also temperature dependent. These properties can signif-
icantly change the impact of induced stresses, thermal lensing and guiding,
as well as the critical damage limits. The temperature dependence of these
parameters is discussed more in Chapter 5, where their impact is more signiﬁ-
cant.
The changes in the material temperature also changes the spectroscopy. The
most signiﬁcant change is in the populations of the energy levels governed by
the Boltzmann distribution. The signiﬁcance of this is that the emission and
absorption cross-sections are directly proportional to the thermal occupancies
of the levels. These occupancies are given by
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fi =
exp( "i=kBT)
i exp( "i=kBT)
(2.48)
where "i is the energy of the ith level above the lowest energy in the manifold.
If energy splitting of the sub-levels is  kBT, then it can be seen that an in-
crease in temperature will increase the laser signal’s absorption cross-section
and therefore increase absorbed threshold pump power.
In addition to the energy level populations, the temperature also affects the
spacing of the energy levels (and therefore the transition wavelengths), as well
as changing the transition linewidths. Both of these effects are explored in
more detail in Chapter 5 where their impact is more relevant.
2.5 Nonlinear effects
It is well known (e.g. [13,39]) that the response to light in dielectric materi-
als becomes increasingly non-linear as the intensity grows. In the context of
this thesis, non-linear response in solid-state lasers is not considered as the op-
erational intensities presented are low. Furthermore, as has been previously
discussed, for low thermal loads thermal lensing and stress induced birefrin-
gence signiﬁcantly impact on laser performance, thereby keeping the maxi-
mum signal intensity low. However, in ﬁbre lasers the non-linear effects have
to be considered due to the tight signal conﬁnement in the core, resulting in
much higher intensities than typical in a solid-state laser with the same signal
power. This tight conﬁnement coupled with the typical long device lengths
means that non-linear effects can begin to limit power scaling. In silica ﬁbres
the (3) is the lowest order nonlinear susceptibility, so that the non-linear ef-
fects of interest are the Kerr effect, Stimulated Brillouin Scattering (SBS) and
Stimulated Raman Scattering (SRS).
The Kerr effect can be described as the refractive index change with signal
intensity, such that n = n2I where n2 is the nonlinear refractive index and
I the signal intensity. The impact of this is that it results in a radially vary-
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ing refractive index change due to the Gaussian intensity proﬁle of the sig-
nal. As such, this radial refractive index variation in ﬁbres causes guiding
of the signal in the same way as thermal guiding. However, in fused silica
n2  310 20m2W  1 [40], so for a single mode ﬁbre with a core radius of 5m
with a 1kW signal, the change in refractive index would be  4  10 7. This
is much smaller than the change in refractive index with temperature, so the
Kerr effect can be neglected. Therefore, the effects of interest for optical ﬁbres
are SBS and SRS.
SBS is an effect where the signal electric ﬁeld generates acoustic vibrations
in the medium via electrostriction causing variations in the refractive index.
These variations act as a travelling grating from which the pump signal is scat-
tered by Bragg reﬂection. The back reﬂected Stokes wave, s, is down-shifted
in frequency due to the Doppler shift caused by the grating moving at the
acoustic velocity, vA. The Stokes wave frequency is give by s = p  
2nvA
P
where vA for silica is vA  6km=s. The threshold for SBS is approximately
given by [41]
P
SBS
thres =
21AeffK
gBleff
p + B
B
(2.49)
where Aeff is the effective core area and leff the effective ﬁbre length, and
gB is the Brillouin gain coefﬁcient equal to gB  5  10 11m=W in silica [42].
The effective ﬁbre length is deﬁned as leff = 1
P (1   exp( Pl)), where l is
the ﬁbre length and P is the loss coefﬁcient for the pump signal. Addition-
ally, K is a factor that accounts for the polarisation of the pump (for polarised
light K = 1 and for unpolarised light K = 2) [43], and p and B are the
Lorentzian linewidths of the pump and of the SBS gain, respectively. In bulk
silica B 33MHz at 1.06m [44]. The pump wavelength dependence on
B is B _ 1=2 [44], so for light at 2m B 10MHz. It can be seen then
that the SBS is more prone in narrow linewidth sources, where B  p. In
this situation, equation (2.49) simpliﬁes to
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P
SBS
thres =
21AeffK
gBleff
(2.50)
SRSissimilartoSBSexceptscatteringinthiscaseoccursduetohighenergyop-
tical phonon vibration modes in the medium. The pump radiation is scattered
by these optical phonons and is down shifted to a lower energy Stokes wave,
withtheamountdeterminedbytheopticalphononofthemedium. Theenergy
difference Ev = hp   hs, is dissipated as heat [45]. Due to the wave-guiding
nature of ﬁbres, a proportion of the scattered Stokes wave will be guided along
the core in both propagation directions. Given the potentially long interaction
lengths available in ﬁbres, these forward and backward propagating Stokes
waves can see signiﬁcant gain by stimulating further emission.
Due to the high intensities required for Stimulated Raman Scattering the pro-
cess can be given a threshold power [46]. The threshold is deﬁned as the input
pump power required such that the unseeded Stokes power equals the pump
power at the ﬁbre output. This threshold for the forward and backward Stokes
waves is approximately [46]
Forward SRS:
P
SRS +
thres =
16AeffK
gRleff
(2.51)
Backward SRS:
P
SRS  
thres =
20AeffK
gRleff
(2.52)
where gR is the Raman gain coefﬁcient which has a maximum value in silica
of gR  1:5  10 13m=W [47,48]. These equations are only strictly valid for
narrow linewidth signals, but due to the broad Raman bandwidth they still
roughly predict the SRS threshold for much broader linewidth sources [46].
Determining whether the threshold for SBS or SRS will be reached ﬁrst is de-
pendent on the signal linewidth. For single-frequency sources, SBS will be the
dominant effect limiting power scaling as the threshold signal power is two
orders of magnitude lower than SRS’s. However, as the signal linewidth in-
creases the SBS threshold increases, as shown by equation (2.49), whilst the
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SRS threshold remains approximately constant. Therefore, once the signal
linewidth is greater than two orders of magnitude larger than the SBS gain
linewidth, then SRS becomes the dominant effect limiting the laser perfor-
mance.
Equations (2.50) and (2.51) show that to scale the laser power requires that the
core area is increased and the ﬁbre length decreased. For a cladding pumped
ﬁbre laser, assuming the cladding diameter is ﬁxed, scaling the core radius
should increase the pump absorption and therefore allow a much reduced de-
vice length to be used, whilst maintaining a high pump absorption efﬁciency.
The scaling of the core area does however have a limit if single mode oper-
ation is to be maintained due to the practical limits on the ﬁbre’s NA, as was
discussed in Section 2.3. It is worth noting that the calculated thresholds above
are in practice a lower limit with the measured values being generally much
higher. For SBS, the threshold is increased due to temperature changes along
the ﬁbre as this changes the refractive index non-uniformly across the effective
grating via the thermo-optic effect. Furthermore, in practice, a natural temper-
ature gradient along the ﬁbre is established in laser oscillators and ampliﬁers
due to the exponential reduction in the pump power along the ﬁbre length,
resulting in differing levels of heat generation and therefore changing the core
temperature as a function of propagation distance.
2.6 Discussion and summary
For CW operation of step-index ﬁbres and end pumped cylindrical rods, there
are many factors that can degrade laser performance. These limiting effects
have a different impact on the two geometries, and therefore are summarised
below separately.
In step-index ﬁbres, the two main limits on performance are due to thermally
induced effects and a non-linear material response. Thermally induced effects
typically have a larger impact on laser performance, except in the situation
whereby the laser signal has a narrow linewidth and then nonlinear effects
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become dominant. Of the thermal effects reviewed, thermally induced dam-
age to the ﬁbres outer polymer coating was found to signiﬁcantly limit power
scaling. It was shown that the coating can become degraded for thermal loads
as low as a few watts, depending on the ﬁbres inner cladding radius, coating
thickness and the heat transfer coefﬁcient of the ﬁbre’s cooling mechanism.
Therefore, aggressive cooling of the ﬁbre is required to increase the damage
threshold for the coating due to more efﬁcient heat removal. This allows a
higher pump power to be used before damage occurs, meaning that the laser
output power will also be increased. Furthermore, if the core area is not in-
creased, this has the advantage that the absorption coefﬁcient for cladding
pumping will be reduced such that a longer device length is required for ef-
ﬁcient pump absorption. This has the additional beneﬁt of reducing the heat
deposition density in the ﬁbre, allowing even higher pump powers to be used
before the outer polymer coating begins to degrade. Another beneﬁt for scal-
ing the cladding size is that a lower brightness pump source can be used whilst
still obtaining a high launching efﬁciency.
However, this is not the only consideration because as the signal power in-
creases, it can approach the threshold for nonlinear effects, in particular SBS
and SRS, causing propagation losses for the signal as well as a reduction in
the available gain. For broadband laser signals, SRS is the dominant of the
two effects, but as the laser linewidth is reduced and eventually becomes
single-frequency, SBS will become the dominant process. The threshold signal
power at which both effects become signiﬁcant is linearly proportional to the
Acore=lfibre. Therefore, to increase their respective thresholds, the use of large
core ﬁbres with short device lengths is required. This can readily be achieved
by increasing the core to cladding ratio as the pump absorption coefﬁcients
will be increased due to a stronger pump overlap with the core, which will
allow a shorter device length to be used to obtain a high absorption efﬁciency.
There is however an upper limit on the core radius if single transverse mode
of operation is to be maintained. This is imposed by fabrication restraints. In
step-index ﬁbres, the lower limit on the NA is 0.04, which means that the
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largest core that will support only the single transverse mode as determined
by the ﬁbres V-value is rcore  9:5. As such, for a step-index ﬁbre operating at
2m, the largest single mode core radius is 20m.
Another problem in step-index ﬁbres is that the radial temperature proﬁle
causes a radial variation in the refractive index. As a result, the ﬁbre begins
to behave like a quadratic waveguide with a guide mode size that is not de-
termined by the step-index proﬁle. When the thermal load is increased, the
guided mode size can be decreased such that it becomes less than the fun-
damental mode of the ﬁbre, which will degrade the laser beam quality and
efﬁciency. The power dissipated as heat required for the guided mode to equal
the fundamental mode is inversely proportional to the core area. Although in-
creasing the core area is advantageous for increasing the SBS and SRS thresh-
olds, it does however decrease the threshold at which thermal guiding become
signiﬁcant. Therefore, in large core ﬁbres, thermal guiding can form the upper
limit for power scaling.
To extend the operational power levels of lasers, a balance is required be-
tween the advantages and disadvantages of scaling the core area. For narrow
linewidth lasers with suitable heat sinking (such that the heat transfer coef-
ﬁcient is high) then the major concern for power scaling is SBS, which has a
threshold signal power even for a 20m radius core ﬁbre of 530Wm, so as-
suming a typical device length of a few metres then P SBS
thres  130W (for a 4m ﬁ-
bre). This is much smaller than the coating damage point for a 600m diameter
inner clad ﬁbre with a 50m thick polymer coating and H = 105 Wm 2K 1 of
Ph max >2kW. Furthermore, the thermal guiding threshold in a 20m core ﬁbre
corresponds to an absorbed pump power in excess of 750W (assuming h=0.6).
Therefore, the laser slope efﬁciency is 40%, so it follows that the signal power
would be above the SBS threshold, making SBS limit the performance.
Onthecontrary, inbroadbandlaserswithlargecoreﬁbres, thenonlinearthresh-
olds become very large, such that thermal guiding becomes the limiting factor
on laser performance. Therefore, by reducing the core area, the threshold for
thermal guiding will be increased, allowing the pump power and thus laser
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power to be further increased. Reducing the core radius will eventually make
the signal power reach the SRS threshold, but this should not become an issue
for signal powers below 1kW (assuming a minimum core radius of 5m) for
device lengths of less than 10m.
Inend-pumpedrods, theupperlimitforpowerscalingisimposedbythestress
fracture limit, which for YAG was calculated to be 14kW/m. For typical rod
lengths of a few centimetres this corresponds to a few hundred watts of dis-
sipated heat. However, before this critical failure limit is reduced, stress in-
duced birefringence and most importantly thermal lensing can seriously de-
grade laser performance to the point that the stress fracture limit cannot be
achieved. In the case of thermal lensing it was shown that, based on work
by Clarkson [33], the radial temperature distribution results in an highly aber-
rated thermal lens that can severely degrade the laser beam quality. It was
shown that to reduce the impact of the thermal lensing, it is advantageous to
have a smaller signal beam size than pump beam size. In the idealised case
of a ’top-hat’ pump proﬁle, it was shown that for wl < wp there was no beam
degradation and the thermal lens focal length did not vary radially within the
pumped region. However, for a Gaussian pump beam, the thermal lens was
highly aberrated even for wl < wp. Using Siegman [35] Clarkson [33] showed
that the beam quality degradation for a Gaussian pump proﬁle was propor-
tional to wl=wp, such that decreasing the laser beam size reduced the beam
quality degradation. However, decreasing the laser beam size too far can re-
sult in unsaturated gain in the wings, which will allow higher order modes
to oscillate and thus reduce the output beam quality. It was estimated that
the thermal lensing for a Gaussian pump proﬁle can increase the beam prop-
agation factor from M2=1 to M2=1.2 with as little as 6W of absorbed pump
power, highlighting the detrimental impact thermal lensing can have in bulk
laser systems.
In addition to thermal lensing, for bulk lasers operating in a polarised cavity
conﬁguration, the depolarisation losses due to induced stress can also signif-
icantly limit the laser performance. The calculations presented showed that
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in YAG, the depolarisation losses begin to increase for a total dissipated heat
of 10W. The increase in the cavity losses above this power level causes the
slope efﬁciency to decrease and the absorbed threshold pump power to in-
crease, thereby reducing the output performance of the laser. There are many
approaches for reducing the impact of depolarisation losses, such as in a two
rod conﬁguration (where both rods are pumped identically) inserting a half-
wave plate between the rods [13], and in a single rod conﬁguration using a
Porro prism and quarter-wave plate [33], or similarly inserting only a quarter-
wave plate between the rod and a cavity mirror [32].
For both ﬁbre and bulk lasers, it is clear that in order to scale the output power,
the detrimental impact of thermal effects must be reduced. An advantageous
route for both geometries is to reduce the sources of heat in the ﬁrst instance
by operating in a lower quantum defect state as well as by selecting the doping
concentration to reduce clustering and up-conversion losses that lead to heat
generation. Furthermore, ensuring adequate heat sinking for heat removal
will considerably extend the thermal induced limits. Additionally, another so-
lution, as is considered for Ho:YAG in Chapter 5, is to reduce the crystal’s tem-
perature as this can positively scale the thermo-optic and thermo-mechanical
properties of a material, which reduces the impact of thermal effects and there-
fore allows a signiﬁcant increase in the output power.
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Single-ended operation in an all
ﬁbre geometry
3.1 Introduction
In this chapter, work conducted into operating ﬁbre sources in a single-ended
output regime is discussed. The motivation for this is that single-ended oper-
ation increases the useful power that can be extracted from a source, thereby
increasing its output efﬁciency. For a laser operating in a saturated regime (i.e.
well above the laser threshold), with a standard resonator design consisting
of a laser medium and two cavity mirrors with feedback reﬂectivities R1 and
R2, the ratio of the output power coupled from each mirror can be calculated
using Rigrod’s analysis [1].
For a cavity where the cavity mirrors have no scattering or absorption losses
such that R = 1   T, the signal growth after one pass in the cavity is given by
the signal power times the effective single pass gain, G. The signal powers at
each mirror are shown in Figure 3.1, where it can be seen that after one round-
trip the signal power incident on cavity mirror 1 is given by
P1
1   R1
=
P1R1R2G+G 
1   R1
(3.1)
where P1 is the output power from mirror 1, and G+ and G  are the effective
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Figure 3.1: Schematic of a laser cavity showing the signal power
in each direction for an effective single pass gain G (accounting for
core propagation losses) and cavity mirror reﬂectivities R1;2 for mir-
rors 1 and 2 respectively. It is assumed that there are no absorption
or scattering losses at the cavity mirrors.
single pass gain (taking into account the core propagation loss) in the forward
and backward directions respectively. Under steady state operation, the signal
power at a given position in the cavity has to be the same as after one round-
trip, so from equation (3.1) it can be seen that
R1R2G
+G
  = 1 (3.2)
Therefore, if the signal power at the second cavity mirror is considered it can
be seen from Figure 3.1 that
P2
1   R2
=
P1R1G+
1   R1
(3.3)
where P2 is the output power coupled from mirror 2. Given that the single-
pass signal gain is the same in both directions (i.e. G+ = G  = G), substituting
G from equation (3.2) into equation (3.3) gives the ratio of the output power
coupled from each end of the cavity as
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P1
P2
=
1   R1
1   R2
r
R2
R1
(3.4)
From this it can be seen that predominantly single-ended output is obtained
from end 1 by selecting R1  R2. The high gains obtainable in RE-doped ﬁbres
allow for laser oscillation even in the presence of very high cavity losses where
R1;2  1. In this high loss regime, single-ended output can still be achieved,
forexample, byusingaperpendicularlycleavedfacettoprovidea3.5%Fresnel
reﬂection, and at the other end of the ﬁbre using an angle polished/cleaved
facet which has a much lower feedback efﬁciency. In this situation, the output
power ratio can be approximated to
P1
P2

r
R2
R1
(3.5)
In addition to single-ended operation, this all-ﬁbre geometry has the advan-
tage that it is compatible with cladding pumping, therefore enabling scaling to
high output powers. The use of this high loss, cladding pumped, all-ﬁbre ap-
proach is discussed in the following sections for a laser oscillator and an ASE
source.
3.2 Yb-doped laser oscillator
3.2.1 Introduction
In this section, work on obtaining single-ended operation of ﬁbre lasers is dis-
cussed. Commonly, this is achieved by having a high reﬂectivity at one end
of the ﬁbre and a low reﬂectivity (often provided by a 3.5% Fresnel reﬂection
from a perpendicularly cleaved end facet) at the other. The high reﬂectivity
end can take many forms including: an external feedback cavity consisting of
a collimating lens and mirror [2–4], a butted mirror or coated end-facet [5], or
an in-ﬁbre Bragg grating [6]. Table 3.1 brieﬂy summarises the main consider-
ations for each feedback approach. It shows that for operation at high power
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levels, the most suitable approach is using an external feedback cavity. How-
ever, our approach has the beneﬁt that it is suitable for power scaling to high
power levels, whilst maintaining a simple geometry which does not require
additional components, splicing or place additional constraints on the ﬁbre
core design.
In a proof-of-principle experiment, predominantly single-ended operation of
a ﬁbre laser in a simple all-ﬁbre geometry is discussed. In this experiment,
the low feedback reﬂectivity was provided by using a twisted end facet ter-
mination (discussed in more detail in the next section). This approach uses a
helical core trajectory at the low feedback ﬁbre end, which is perpendicularly
cleaved in the helical region, such that the core direction is angled with respect
to the facet and therefore suffers a reduced feedback efﬁciency. This has the ad-
vantage over angle polishing, as perpendicularly cleaved facets have a higher
quality surface ﬁnish than is typically obtained by angle polishing. The only
constraint to this approach is the requirement for the core to be offset from the
ﬁbre centre. As such, this work was conducted using a Yb-doped ﬁbre with
an offset core which was developed for other applications using the twisted-
end termination [7–9]. In addition to the availability of suitable ﬁbre, operat-
ing in the 1m spectral region has the beneﬁt of there being a larger range of
commercially available optical components and diagnostic equipment, when
compared to the 2m region which is used throughout the rest of this thesis.
3.2.2 Experimental procedure
The ﬁbre used in these proof-of-principle experiments was produced in house
by modiﬁed chemical vapour deposition and solution doping. The ﬁbre pro-
duced had a 28m diameter Yb-doped alumino-silicate core with an Yb con-
centration of 7000ppm (by weight) and a numerical aperture of 0.1. Sur-
rounding the core was a pure silica inner cladding of diameter 380m. The
outer coating on the ﬁbre was a UV-cured polymer with a low refractive index
(n = 1.375), giving the inner cladding a calculated NA of 0.49. In this ﬁbre
the core was laterally offset to allow the ﬁbre to be used in conjunction with
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a twisted end termination method [7], as well as to aid pump absorption (as
described in Chapter 2).
The twisted end facet was produced by heating the end section of the ﬁbre and
twisting it to form a helical path for the core in that region. This causes the
core to be angled with respect to the central longitudinal axis of the ﬁbre, with
an angle given by core = P=(2r0), where P is the period and r0 is the core
offset [10]. The ﬁbre was then perpendicularly cleaved in the twisted region
to produce a high quality surface ﬁnish with low scattering loss. The helical
core path now has an angled path with respect to the facet normal, causing
light fed-back by the Fresnel reﬂection to incur an increased loss, which is de-
pendent on the angle [11]. Using this approach, the core angle can be selected
by designing the appropriate core offset during fabrication combined with the
number of rotations per unit length induced in the twisting process.
Helical core trajectories can result in signiﬁcant bend losses. This is not a prob-
lem in this case, as the helical region in the ﬁbre is short (typically only a few
millimetres) so does not induce signiﬁcant bend losses and therefore allows
a low threshold pump power to be maintained. However, one concern with
helical core trajectories is that there is pump loss due to reﬂection. This can be
overcome by only using the twisted end facet termination at the un-pumped
end of the ﬁbre.
Another potential advantage to this approach is that, if required, the helical
region can be tailored to help suppress higher order mode propagation via
tighter coiling of the ﬁbre core, therefore increasing the bend loss incurred for
the higher order modes compared to the fundamental mode. This was shown
by Wang et al. [10] when comparing the output beam propagation factors for a
helical core ﬁbre laser with that of the same ﬁbre with a straight core trajectory,
whereby the output beam propagation factor was improved from M2=5.5 for
the straight core to M2=1.1 for the helical core trajectory. In this case the bend
loss also signiﬁcantly reduced the laser efﬁciency. It was suggested that reduc-
ing the core angle so that the LP01 mode loss is reduced, whilst still having a
comparatively higher loss for the next higher order mode LP11, will increase
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the laser slope efﬁciency [10]. Mode suppression using a helical core could be
applied to the twisted end facet approach to improve the output beam propa-
gation factor by increasing the length of the helical region and thus increasing
the propagation loss for higher order modes. However, the impact of this is
likely to be small as the helical region will need to be kept small so that the
laser efﬁciency is not affected, and therefore the loss for higher order modes
will be limited.
For our ﬁbre, the twisted end facet was conﬁgured for a core angle with respect
to the longitudinal axis of the ﬁbre of  2:4. The angle was chosen so that
a feedback reﬂectivity lower than 3.5% was obtained, therefore meeting the
requirementsforpredominantlysingle-endedoutput(i.e. R1  R2). However,
the angle was also chosen to be small, so that the resulting reﬂectivity was
not too low as this would have drastically increased the laser threshold pump
power.
Pump power for the laser was provided by a high power diode source operat-
ing at 976nm, with a maximum output power of 76W. This was coupled into
the perpendicular facet (non-twisted end) by a 30mm focal length aspheric
lens, with a launching efﬁciency measured to be 66%. Before the 30mm lens,
a dichroic with a high transmission (>95%) for the pump and high reﬂectivity
(>99.5%) over the wavelength range of 1020-1200nm was placed in the col-
limated beam. This mirror was angled to approximately 10 to facilitate ex-
traction of the signal light from this end of the ﬁbre for monitoring. The ab-
sorption efﬁciency for the ﬁbre in a cladding pumped conﬁguration was mea-
sured using a cut-back technique to be 1dB/m, so a device length of 16m was
used. The ﬁbre was mounted in a water-cooled V-groove heat-sink to facilitate
heat removal due to stray pump light and quantum defect heating in the ﬁ-
bre core. To analyse the output from the twisted end of the ﬁbre, the beam
was collimated with a lens orientated perpendicularly to the beam direction,
which by Snell’s Law forms an angle with the longitudinal axis of the ﬁbre
 = arcsin(ncore sin(core)), as shown in Figure 3.2.
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Twisted end
Inner-cladding Offset-core
Outer-cladding
Fibre axis
q
Output 1 Output 2
Diode @976nm
  f = 3 cm HT@976nm
HR@1~1.1mm
Straight end
Figure 3.2: Schematic of the cladding pumped Yb-doped ﬁbre laser
used in these experiments
3.2.3 Results and analysis
Figure 3.3 shows the laser output power from both the twisted and straight
ends of the ﬁbre, as a function of the launched pump power. It shows that
the output power from the twisted end facet was signiﬁcantly higher than
the straight end, reaching a maximum power of 29.1W, limited only by the
available pump power. By comparison, the output from the straight end was
only 1.98W at the maximum power, and hence a factor of 15 lower. This
suggests that the reﬂectivity of the twisted end facet is  1:6  10 4. The
output beam propagation factor from the twisted end facet was M2  2:3,
which is better than expected for this ﬁbre given its V-value of 8.2 (which from
V = 2M2 would roughly suggest a maximum output beam propagation factor
of M2  4). This beam quality could be improved further by optimising the
design and length of the twisted end section as discussed in the previous sec-
tion, due to tighter coiling of the ﬁbre core increasing the propagation loss for
higher order modes.
The output slope efﬁciency for the laser above 24W of launched pump power
was measured to be 77% (or 79% with respect to absorbed pump power). This
was compared to the theoretical maximum slope efﬁciency calculated using
equation (2.3). Assuming the cavity losses were given by L = 1   R2 and
that the output coupler reﬂectivity was R1 = 1:62  10 4, abs = 0:975 and
q = 1, then the maximum slope efﬁciency was calculated to be s  83%.
It can be seen that the measured value is only slightly less than the theoret-
ical maximum, which suggests that the ﬁbre is operating close to its optimal
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Figure 3.3: Output power from the twisted and straight ends as a
function of launched pump power
performance.
The theoretical laser threshold pump power was calculated to be Pthres =
2:94W using equation (2.1) and the values given above, and e(  1080nm) 
3  10 25m2 and e(  1080nm)  0 [12]. This is signiﬁcantly lower than
the measured value of 10W of absorbed pump power. This discrepancy is
due to the assumption of no ampliﬁed spontaneous emission (ASE) in the the-
ory, whilst in practice there is ASE which depletes the inversion so that more
pump power is required to reach the laser threshold. The ASE background
can be seen in Figure 3.4. The ﬁgure shows that the laser emission bandwidth
of this source was 14nm, which was centred around 1080nm, whilst the ASE
bandwidth is 70nm (Full-width). The impact of the ASE background on the
threshold raises the question of how much of the output power is ASE and
how much the laser signal. Therefore, to determine this, the approach dis-
cussed below was used.
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Figure 3.4: Emission Spectrum for the output from the twisted end
facet at maximum pump power.
3.2.4 Measuring the Ampliﬁed Spontaneous Emission in a
laser signal
The high output coupler loss used in this approach for single-ended opera-
tion has the implication that the laser threshold is signiﬁcantly higher than for
conventional Yb-doped ﬁbre laser conﬁgurations. Below threshold, any in-
version due to pumping is depleted predominately by spontaneous emission
and ampliﬁed spontaneous emission (ASE). Therefore, below the laser thresh-
old, the ASE power will increase with increased pump power. For lasers with
low thresholds, the ASE power that builds up will be small, however, as the
threshold is increased the ASE power builds up considerably. This is apparent
from Figure 3.4 where there is a signiﬁcant ASE component in the output. It
is often considered that the ASE power is negligible if it is 20-30dB below the
laser emission peak. However, given that the laser emission typically has a
very small bandwidth, whilst the ASE can be very broad, this means that the
relative contribution to the power from the ASE component could be larger
than is assumed. Therefore, an approach for estimating the ASE power was
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required. Our approach used a Scanning Fabry Perot Interferometer (SFPI) to
distinguish between the ASE and laser signal.
The basic principle behind this approach is that the transmitted frequency
spectrum from the SFPI is different for the laser and ASE, allowing them to
be distinguished from each other. For a laser, the SFPI under ideal conditions
will have a transmitted signal identical to the laser output frequency spectrum
(shown in Figure 3.5). In the case of ASE, the SFPI can, under certain con-
ditions, have a constant transmitted intensity as a function of the signal fre-
quency (shown in Figure 3.6). When both the ASE and laser signal are present,
the SFPI can be conﬁgured so that the transmitted signal will have the laser
mode structure, but with it offset by a constant amount due to the ASE (shown
in Figure 3.7). By calibrating this ASE offset to the incident ASE power below
the laser threshold (i.e. so there is only ASE present), the relative ASE and laser
power can be determined above the laser threshold. In practice, selecting the
ideal SFPI arrangement to achieve this requires careful consideration.
(a) Example laser frequency spectrum (b) Transmitted signal as a function of the
phase change
Figure 3.5: Showing (a) an example laser signal (black) and the SFPI
Airy function (red) , and (b) the transmitted signal intensity from
the SFPI, as a function of the phase change.
The transmitted intensity through the SFPI is dependent on the mirror reﬂec-
tivity, mirror separation and the incident signal frequency spectrum. The ratio
of the transmitted to incident intensity is given by the Airy function [13],
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(a) Example ASE frequency spectrum (b) Transmitted signal as a function of the
phase change
Figure 3.6: Showing (a) an ASE signal with a ’top-hat’ frequency
distribution (black) and the SFPI Airy function (red) , and (b) the
transmitted signal intensity from the SFPI as a function of the phase
change.
(a) Combined Laser and ASE frequency
spectrum
(b) Transmitted signal as a function of the
phase change
Figure 3.7: Showing (a) the combined laser and ASE frequency
spectrum (black) with the SFPI Airy function (red), and (b) the
transmitted signal intensity from the SFPI with the ASE offset and
laser mode structure labelled.
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A () =
It
Ii
=
1
1 + F sin2 (=2)
(3.6)
where  = 4n0d=c is the phase difference between two successive transmit-
ted waves with frequency 0, for a mirror separation d in a medium with a
refractive index n. When the phase difference corresponds to an integer of 2,
the maximum signal intensity is transmitted. The frequency spacing between
two successive transmission maxima is called the Free Spectral Range (FSR)
given by [14]
FSR = c=2nd (3.7)
The coefﬁcient of Finesse, F, for the cavity is determined by the etalon mirror
reﬂectivities which, when equal, is given by [14]
F =
4R
(1   R)2 (3.8)
To distinguish between the ASE and the laser signal, the SFPI’s Airy function
has to be selected so that it only overlaps with the ASE for certain mirror sepa-
rations. This is achieved by selecting the SFPI FSR to equal an integer number
of the laser mode spacing. At these mirror positions, the Airy function peaks
overlap between the laser modes (i.e. at the minimum intensity between suc-
cessive modes, as shown in 3.7(a)) and therefore the transmitted frequencies
from the SFPI are only due to ASE. As such, for these mirror positions, the
transmitted intensity from the SFPI is constant and dependent on the incident
ASE power. As previously discussed, by measuring this offset, both the ASE
and laser power can be determined.
However, there is another factor to be considered so that a constant transmit-
ted intensity is obtained from the SFPI when the Airy function only overlaps
with the ASE. In the example used in Figure 3.6 where the ASE has a ’top-hat’
intensity distribution, a constant transmission is achieved when the SFPI FSR
is less than the total ASE bandwidth. However, in practice the ASE has a more
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complicated intensity distribution, so this is no longer strictly valid. For a real
ASE signal, there are tighter constraints on selecting an appropriate SFPI FSR
so that a constant transmitted signal is maintained as a function of the SFPI
mirror separation. To demonstrate this, an approximation of the measured
ASE, shown in Figure 3.4, was approximated using quadratically varying in-
tensity proﬁles, shown in Figure 3.8(a), with an intensity distribution given
by
Is() = Imax  
(   0)2
2
for  = 0 
p
2 and Is() = 0 everywhere else
(3.9)
where Imax is the peak intensity, 0 the central frequency and  is the FWHM
bandwidth. Using this approximation of the ASE, the transmitted signal inten-
sity from the SFPI was calculated as a function of the mirror separation (with
a maximum mirror displacement of c=(2)) for a range of SFPI FSR’s. This is
shown in Figure 3.8 where the percentage change in the signal intensity from
that at the initial mirror position is shown as a function of the change in mir-
ror position. The ﬁgure highlights that when the FSR is decreased to less than
approximatelyoneﬁfteenthoftheASEbandwidth(full-width(FW)),thetrans-
mitted signal intensity variation is less than 1% of the transmitted intensity at
the initial mirror position. As such, for FSR less than this, the transmitted ASE
can be considered constant. This is signiﬁcant for determining the ASE off-
set when both the laser and ASE are present. For the ASE background in the
signal observed (shown in Figure 3.4), the FW70nm, and therefore the FSR
would need to be FSR <620GHz, which corresponds to a mirror separation of
d >0.25mm. From this it can be seen that for all practical mirror separations
the transmitted intensity for the ASE will be effectively constant.
3.2.5 Laser vs ASE output power
To determine the ASE component in the signal, a FPI-25 plane-plane Scanning
Fabry-Perot Interferometer was used in conjunction with a FP-3-RG ramp gen-
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(a) ASE Spectrum Approximation
(b) Percentage Change in Transmitted Intensity as a function of
the phase change
Figure 3.8: Showing (a) an approximation of the ASE spectrum with
wavelength, and (b) the percentage change in transmitted intensity
astheetalonmirrorseparationvariesbyhalfthecentralwavelength
(2) as a function of the FW of the ASE signal to FSR of the etalon.
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erator to allow the mirror separation to be controlled electronically. Alignment
of the SFPI was conducted in the regime where both ASE and laser signals
were present in the ﬁbre laser’s output (i.e. operation above the laser thresh-
old). Using an oscilloscope showing the transmitted intensity as a function of
mirror separation, the Fabry-Perot’s mirrors parallelism was aligned. The op-
timum alignment was obtained when the laser mode structure was sharply de-
ﬁned. This was achieved by initially adjusting the coarse mechanical adjusters
on the back mirror for a rough alignment, before making ﬁne corrections with
the applied voltage and offset to each of the three piezos on the front mirror.
The calibration of the ASE power per unit offset is achieved using the method
outlined above.
The mirror separation used in the experiment was 1.56mm, so that the FSR
would correspond to an integer number of cavity modes. This mirror sepa-
ration gave a FSR of 96GHz. Both mirrors had a 90% reﬂectivity over a broad
wavelengthrangeinthe1mregion, whichgaveacavityacoefﬁcientofﬁnesse
of F = 360, and therefore a calculated ﬁnesse of 30 and an Airy function fringe
linewidth (FWHM) of 3.2GHz. Due to its good response at 1m, a germanium
detector was used to measure the transmitted signal intensity for observation
on an oscilloscope.
After calibrating the intensity offset as a function of ASE power, the ASE con-
tent was measured for both the straight and twisted end outputs, as shown
in Figure 3.9. It can be seen that the ASE power, from both the twisted end
and straight end, increases with pump power well beyond the laser threshold
pump power, with both eventually rolling over at pump powers approaching
50W. This is interesting as it is often thought that the ASE power clamps when
the laser threshold is reached, whilst this shows that the laser intensity is not
high enough to completely deplete the inversion until well above the thresh-
old.
A possible explanation for the roll-over in the ASE power with increasing
pump power can be seen when considering the cavity as an etalon containing
a gain medium. Figure 3.10 shows how the electric ﬁeld amplitude changes
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Figure3.9: MeasuredASEpowerfromthetwistedandstraightends
as a function of launched pump power
during multiple passes through the gain medium inside the etalon mirrors.
Of particular interest here is how the transmitted electric ﬁeld is affected by
the etalon. The total transmitted amplitude is determined by all of the trans-
mitted electric ﬁelds after each round-trip added together. As such, the total
transmitted electric ﬁeld amplitude is given by
Et = E0Gt2 +E0r1r2G
3t2e
{ +E0r
2
1r
2
2G
5t2e
2{ +:::+E0Gt2(r1r2G
2e
{)
n 1 (3.10)
which simpliﬁes to
Et = E0Gt2[1 + r1r2G
2e
{(1 + r1r2G
2e
{ + ::: + (r1r2G
2e
{)
n 2] (3.11)
where r1;2 are the reﬂection coefﬁcients for mirrors 1 and 2 respectively, t2 is
the transmission coefﬁcient for mirror 2, G is the effective single pass gain
and  is the phase difference between two successively transmitted beams. If
jr1r2G2e{j < 1, then equation (3.11) converges using
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Figure 3.10: Showing the signal electric ﬁeld amplitude as a func-
tion of position in the etalon and the transmitted electric ﬁeld am-
plitude per round-trip.
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n=1 X
n=0
(X)
n =
1
1   X
(3.12)
and therefore
Et = E0Gt2

1 +
r1r2G2e{
1   r1r2G2e{

(3.13)
which simpliﬁes to
Et =
E0Gt2
1   r1r2G2e{ (3.14)
Given that the intensity is given by I = EE=2, the total transmitted intensity
is then given by
I2
I0
=
t2
2G2
(1   r1r2G2e{)(1   r1r2G2e {)
(3.15)
where e{+e { = 2cos, R = r2 and T = t2, such that the transmitted intensity
is simpliﬁed to
I2
I0
=
T2G2
1 + R1R2G4   2
p
R1R2G2 cos
(3.16)
where R1;2 are thefeedback reﬂectivities formirrors 1 and 2 respectively and T2
is the transmission of mirror 2. For beams at normal incidence to the mirrors,
as is the case here,  is given by
 =
4nd

(3.17)
where n is the refractive index of the material between the mirrors, d is the
mirror separation and  is the wavelength of the beam.
Below the laser threshold, ASE depletes a proportion of the inversion, such
that the ASE power grows with increased pump power. For simplicity, if the
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gain is assumed to be constant over the range , centred around 0 and zero
for all other wavelengths, then the ASE spectrum transmitted from the etalon
can be calculated from equation (3.16), as a function of the effective single pass
gain. This is shown in Figure 3.11 where it can be seen that for small signal
gains the output intensity as a function of the wavelength is effectively con-
stant. However, as the gain increases, the signal intensity for the wavelengths
that resonate becomes much larger than for those that are non-resonating. As
such, these resonating wavelengths use a larger proportion of the available in-
version and begin to dominate. Eventually the resonating wavelengths round-
trip gain reaches unity and the gain is clamped. However, as there is con-
siderable ASE power in the non-resonant wavelengths, there is competition
between the ASE and laser. From the rate equations it can be seen that the rate
of change in the population of the upper laser manifold is
dN2
dt
/
pIp
hp
N1  

e(l)Il
hl
+
e(a)Ia
ha

N2 (3.18)
where p is the absorption cross-section at the pump frequency, p, e(l) is the
emission cross-section at the laser frequency, l, e(a) is the emission cross-
section at the ASE frequency, a, Ip is the pump intensity, Il is the laser inten-
sity and Ia is the ASE intensity. It can be seen therefore that as the pump rate
is increased, the relative increase in the laser signal and ASE is dependent on
their intensities. Therefore, as the laser intensity is higher than the ASE inten-
sity at threshold, the laser intensity grows more quickly. As the pump power is
increased, the laser intensity continues to grow, whilst the relative increase in
the ASE intensity reduces. Eventually, as the pump power is further increased,
the laser intensity will begin to dominate the inversion and therefore the ASE
intensity will roll-over.
At the maximum pump power, the ASE power emitted was 5.4W and 1W
from the twisted and straight ends respectively. The implications of this are
that the actual laser power for 50W of pump power are 23.7W and 0.97W from
thetwistedandstraightendsrespectively(seeFigure3.12). Therefore, thelaser
slope efﬁciency is 67% (69% with respect to absorbed pump power). Using
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Figure 3.11: Showing the normalised signal intensity transmitted
from the etalon, as a function of the wavelength for a single pass
gain of G=1 (black), G=50 (red), G=100 (blue), G=200 (green). This
highlights that below threshold, the ASE intensity is non-uniform
due to resonant cavity modes. As the pump power (and therefore
single pass gain) is increased, eventually these axial modes have a
round-trip gain equal to the loss and therefore begin to lase.
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these values for the laser power, the output power ratio can be calculated to
give P1=P2 = 24:6, which gives the reﬂectivity of the twisted end facet as being
 5:8  10 5. The output power ratio can be further improved by increasing
the core angle to further reduce the reﬂectivity. However, this comes with the
disadvantage of increasing the laser threshold and increasing the ASE compo-
nent of the output power. In the current setup, this would prove detrimental
due to the limited pump power available. However, with some higher power
diodes, the relative ASE contribution to the output would become negligible
due to the ASE rolling over.
Figure 3.12: Measured laser power from the twisted and straight
ends, as a function of launched pump power
3.2.6 Conclusion
It has been shown that single-ended operation of a Yb-doped ﬁbre laser is
achievable using an all ﬁbre cavity, consisting of a 3.5% Fresnel reﬂection and
a low reﬂectivity end termination (twisted end facet). Using this conﬁgura-
tion, maximum output powers of 29.1W and 1.98W from the twisted end and
straight end, respectively, were obtained for a launched pump power of 48.3W.
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This corresponded to the slope efﬁciency for the twisted end of 77% with re-
spect to launched power.
The output spectrum had a signiﬁcant ASE background. The ASE power was
determined using a Scanning Fabry-Perot Interferometer technique that ﬁl-
tered the ASE and laser components in the output. This showed that the ASE
contentwasnon-negligible, butthatitrolledoverathigherpumppowers. This
implies that increasing the available pump power will have a positive impact
on the laser power to ASE ratio and should, at much higher powers, lead to a
negligible ASE component, as well as an increased laser efﬁciency.
The simplicity in this approach, combined with the cladding pumped geome-
try, should allow for signiﬁcant scaling in the ﬁbre output power using higher
power diodes. Additionally, modifying the ﬁbre end termination to increase
the core angle relative to the facet normal will reduce the output beam propa-
gation factor due to the increased propagation losses for higher order modes.
Equally, replacingthetwistedendfacetwithaconventionalanglepolishedend
should yield equivalent results, although the twisted end facet has a better sur-
face ﬁnish due to cleaving generally being better than polishing. A signiﬁcant
limitation to this low feedback approach is its susceptibility to external feed-
back. This can be a serious problem, as any feedback will increase the effective
output coupler reﬂectivity and as such, will cause the output power ratio to
reduce and therefore will also reduce the effective laser efﬁciency. Further-
more, an increase in the effective feedback will reduce both the threshold and
the slope, which also reduces the maximum obtainable output power for op-
eration many times above threshold. To deal with unwanted feedback, careful
management of optics downstream from the laser is required and potentially
the use of an optical isolator.
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3.3 Tm-doped Ampliﬁed Spontaneous Emission
source
3.3.1 Introduction
In this section, single-ended output from an all-ﬁbre Tm-doped ﬁbre ASE
source is described. This work continued the approach of a high loss cav-
ity with one end facet having a signiﬁcantly lower reﬂectivity than the other,
resulting in an output power ratio given by equation (3.5) and thus predomi-
nantly single-ended output. This equation is only strictly true for a laser oscil-
lator, but in the regime where an ASE source is operated well above the signal
saturation intensity given by
Isat =
hs
(a(s) + e(s))f
(3.19)
where s the central frequency of the ASE spectrum, the stimulated emission
dominates the inversion in the same way as in a laser oscillator, suggesting
that this equation will serve as a good approximation for an ASE source as
well. Using this high loss ﬁbre feedback arrangement offers the capability for
scaling the broadband emission to high output powers with careful control of
feedback from both the cavity and external optics downstream of the source,
so as to effectively suppress parasitic lasing.
A motivation for this work was that high power broadband sources operating
in the 2m spectral range are of particular interest for applications such as gas
sensing [15], spectroscopy, and optical coherence tomography [16]. Addition-
ally, at the time this work was conducted, the published work on 2m broad-
band sources showed limited bandwidth and particularly limited output pow-
ers. For example, a Tm doped ﬁbre based superﬂuorescence source at 1.91m
was demonstrated with 1mW of output and a bandwidth of 77nm [17], and
two sources based on Tm:Ho- [18] and Tm-doped [19] ﬁbres had output pow-
ers of 40mW and 100mW, with slope efﬁciencies from the output end of 7%
and 3%, respectively. Therefore, we believed our approach, applied to this
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operational wavelength region, could signiﬁcantly improve the output power
obtainable.
This all ﬁbre single-ended output approach was applied to a thulium doped
ﬁbre that was cladding pumped by 790nm beam shaped diodes. The ASE
output achieved was over 11W for a launched pump power of 40.3W. This
was limited by the onset of parasitic lasing. The slope efﬁciency with respect
to the launched pump power was 38%. The emission bandwidth (FWHM) was
280nm at an output power of 8mW and 36nm at the highest output power
of 11W.
3.3.2 Theory
Kalman et al. [20] have developed a model for calculating numerically the ASE
signal power in Er-doped silica ﬁbres. This model can be modiﬁed to suit the
requirements here for a Tm-doped silica ﬁbre pumped at 790nm.
To simplify the calculations, it is advantageous to use the approximation that
all pump absorption leads to inversion in the upper laser level, such that the
gain medium can be considered as having only two Stark manifolds. These
manifolds have the ion densities N1 and N2 for the lower and upper manifolds
respectively, such that the total ion density N is given by N1 + N2 = N. Under
steady state conditions, the rate equations for the upper and lower manifolds
are given by
dN2
dt
= (R12 + W12)N1   (W21 + A)N2 = 0 (3.20)
dN1
dt
= (W21 + A)N2   (R12 + W12)N1 = 0 (3.21)
for the transition rates
R12 =
pPp
Aclhpq, W12 = aPs
Acohs, W21 = ePs
Acohs, and A = 1=f
where p is the absorption cross-section at the pump frequency p, a is the
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absorption cross-section and e is the emission cross-section both at the signal
frequency s, Pp is the pump power, Ps is the signal power, q is the pump
quantum efﬁciency (deﬁned as the number of ions excited to the upper level
per pump photon absorbed), f is the ﬂuorescence lifetime of the upper level,
and Aco and Acl are the core and cladding areas respectively.
Using N1 +N2 = N and substituting for N1 into equation (3.20), the fraction of
the ions in the upper manifold is given by
a(z) =
N2
N
=

Pp(z)q
AclIpsat
+
Ps(z)
AcoIssat

1 +
Pp(z)q
AclIpsat
+
Ps(z)
AcoIsat
 1
(3.22)
where Pp(z) is the pump power at position z, Ps(z) is the total signal power at
position z, which is given by Ps(z) = P +
s (z)+P  
s (z). The saturation intensities
are given by
Ipsat =
hp
fp
(3.23)
Issat =
hs
fa
(3.24)
Isat =
hs
f(a + e)
(3.25)
The pump power at position z is calculated using the pump loss along the ﬁbre
given by [21]
dPp
dz
=  
Aco
Acl
pN[1   a(z)]Pp(z) (3.26)
In the case of the ASE signal, calculating the signal power at a given posi-
tion is more complex than the pump due to their broadband nature. Typi-
cally, the ASE is considered to be made up of n narrow bandwidth frequency
components, which have a frequency spacing (ASE Bandwidth)=n. With this
approach, solving for the total signal power requires calculating the signal
growthforeachfrequencycomponentsimultaneouslywithallothers. Assuch,
this is both complex and time consuming. To simplify the calculations, the
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’mean’ wavelength approach can be used. With this approach, the model con-
siders only three optical waves propagating along the ﬁbre: a unidirectional
pump wave with power Pp(z), and the two counter-propagating signals with
a power in the forward direction of P +
s (z) and in the backward direction of
P  
s (z). The ASE signals have a central frequency s and a bandwidth s.
Under this approximation, the signal growth along the ﬁbre is given by [20]
dP 
s
dz
= N
 
[(e + a)a(z)   a]P

s  P0ea(z)

(3.27)
where a and e are the absorption and emission cross-sections of the mean
signal frequency, and P0 is the spontaneous emission power given by
P0 = 2hss (3.28)
By solving equations (3.26), (3.27) and (3.22) numerically, the extracted output
power from each end of the ﬁbre can be determined.
3.3.3 Experimental procedure
The experimental setup for our high power ASE source can be seen in Fig-
ure 3.13(b). The Tm-doped ﬁbre used was fabricated in-house using stan-
dard modiﬁed chemical vapour deposition and the solution doping technique.
The resulting ﬁbre had a 25m diameter Tm-doped alumino-silicate core with
a Tm3+ concentration of 1.5wt.% and an Al3+:Tm3+ concentration ratio of
10:1. The core NA was 0.18. The core was surrounded by a 300m diameter
D-shaped pure silica inner-cladding with a nominal NA of 0.49. The inner-
cladding was then coated by a low refractive index polymer outer coating.
This ﬁbre was operated in a cladding pumped conﬁguration using two beam
shaped diode bars at 790nm. Each had an output power of 30W. The two
diodes were arranged to facilitate independent pumping of each ﬁbre end
facet, allowing the measurement of the output power performance as a func-
tion of pump direction. The beam propagation factor for both diode bar mod-
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Figure 3.13: The cavity setup for (a) the laser with an external feed-
back cavity consisting of a f=40mm collimating lens and HR mirror,
(b) ASE cavity with feedback is provided from the end facets la-
belled R1 and R2.
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ules, after using a 2 mirror beam shaper, was M2 <70 in both the fast and slow
axis. Pump light was launched into the inner cladding of the ﬁbre via an AR
coated 30mm focal length lens and a dichroic mirror with a HR (>98%) at 785-
795nm and HT (>97%) at 1600-2100nm at 45. The dichroic mirror was used
to allow extraction of 2m ASE emission. In this conﬁguration, the launch ef-
ﬁciency into the ﬁbre was 87%. The absorption efﬁciency for 790nm light in
the cladding pumped regime was estimated using a cut-back measurement to
be 3.4dB/m. Therefore, a ﬁbre length of 5m was chosen for efﬁcient pump
absorption.
The ﬁbre was operated in two regimes. The ﬁrst was as a laser with a cav-
ity formed from a perpendicularly cleaved end facet to provide a Fresnel re-
ﬂection (with a reﬂectivity of 0.035) and an external feedback cavity on the
other end of the ﬁbre, as shown in Figure 3.13(a). The external feedback cavity
consisted of an AR coated (1600-2100nm) 40mm focal length lens and a plane
mirror with high reﬂectivity. With this set-up, the ﬁbre operated single-ended,
as governed by equation (3.4). In the second regime, the ﬁbre was operated as
an ASE source and had a cavity formed from a perpendicularly cleaved facet
one end and the other end angle polished to 14 to suppress parasitic lasing,
whilst maintaining predominantly single-ended output. For both regimes, the
ﬁbre ends were mounted in water-cooled V-groove heat sinks to prevent ﬁbre
damage due to scattered pump light and quantum defect heating in the ﬁbre
core.
3.3.4 Results and analysis
The ﬁrst experiment conducted was in a laser conﬁguration as outlined above,
as this formed a benchmark for the ﬁbre performance for comparison with the
ﬁbre operated as an ASE source. At the maximum launched pump power of
50.3W, the ﬁbre laser produced 18.2W of output with a slope efﬁciency of 41%,
as seen in Figure 3.14. The laser threshold (estimated by extrapolation) was
5W of launched pump power.
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Figure 3.14: Showing the output power from the straight and an-
gled facets, as a function of launched pump power when both ﬁ-
bre ends are pumped. Additionally, the laser output power for the
same ﬁbre with a perpendicularly cleaved facet and external feed-
back cavity is shown for comparison.
Using the expressions from Chapter 2, the theoretical slope and threshold were
calculated. The value of the pumping quantum efﬁciency needed for the calcu-
lations is not known for this ﬁbre, so the measured slope efﬁciency was com-
pared to the literature. Jackson [22] reported that for a 9:1 Al3+:Tm3+ ratio,
they measured a slope efﬁciency of 47% (but did not mention the cavity losses
used to estimate q). However, in [23] Jackson and Mossman report a 20-25m
core 300m cladding ﬁbre with a 10:1 doping ratio that has a slope of 46%
for single-ended operation. The cavity was formed from a HR mirror butted at
one end and a fresnel reﬂection at the other. This suggests that our laser is op-
erating around its maximum theoretical efﬁciency, given the same Al3+:Tm3+
concentration ratio and similar ﬁbre geometry. Due to the similarity with the
reported data, it seems reasonable to use our slope to estimate the pump quan-
tum efﬁciency.
To calculate the expected laser threshold and slope efﬁciency, the following
values for the ﬂuorescence lifetime and cross-sections were taken from the
literature to be f = 360s [24], and e( = 1960nm) = 4:2  10 25m2 and
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a( = 1960nm) = 5  10 27m2 [25]. By assuming that the loss in the exter-
nal feedback cavity is 5% and using the measured absorption efﬁciency of
abs = 98%, the theoretical slope efﬁciency is given by s = 0:368q. There-
fore, assuming our measured slope is optimum, the pump quantum efﬁciency
is q  1:11. Using this value, the threshold pump power can be estimated as
being Pthres = 0:99W. This is considerably less than what we observed, which
is understandable given that in practice the laser signal grows gradually just
above threshold, it is only once the signal intensity is greater than the signal
saturation intensity that the true slope is realised and the output power grows
linearly with increased pump power. As such, the actual threshold will always
be much lower than the extrapolated measurement would suggest.
For the situation whereby the ﬁbre was operated as a single-ended ASE source
withoneendfacetanglepolishedto14 andtheotherperpendicularlycleaved,
a maximum output power of 14.9W was obtained for a total launched pump
power of 50.2W (both ends pumped). However, as can be seen from the emis-
sion spectrum in Figure 3.16, at the highest output power, there is evidence of
the onset of lasing. This is due to residual feedback from the ﬁbre end facets,
although it could also potentially be from imperfections along the ﬁbre. It is
worth noting that even with the onset of lasing, the signal is still predomi-
nantly ASE. The highest output power obtained before the onset of parasitic
lasing was measured to be 11W from the angled end facet, for a launched
pump power of 40.3W. This corresponds to a slope efﬁciency of 38%, which
is comparable to that for the laser oscillator previously tested. The slight de-
crease in slope does suggest that the ASE signal is not completely saturating
all of the inversion, allowing the inversion to build up until the laser thresh-
old condition is reached, as was shown in this case. It is then expected that as
the pump power is increased, the proportion of laser to ASE in the output will
increase, as shown in the single-ended Yb doped laser previously. This does
raise an interesting question as to why the laser signal can begin to dominate
over the ASE, even though the ASE signal is much stronger. At present, there
is not an answer to this in the literature. However, the theory presented in Sec-
tion 3.2.5 offers a potential explanation. It describes how as the pump power
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increases, the wavelengths that resonate in the cavity see a favourable increase
in intensity over non-resonant ones. Therefore, these resonant wavelengths
can eventually dominate the inversion so that their round-trip gain equals the
cavity losses and therefore can begin to lase. The proposed theory suggests
that reducing the feedback efﬁciency for each ﬁbre end will increase the laser
threshold, but that the laser threshold will always eventually be reached. The
interesting point here is to what extent the ASE power can be scaled before
lasing occurs.
The ASE output power from the angled facet was calculated as a function of
the launched pump power using the theory in Section 3.3.2. This is shown in
Figure 3.15, where the following values were used in the calculations: N =
5:14  1025m 3, p = 8:59  10 25m2 [26], a = 5:01  10 27m2 [25], e = 4:16 
10 25m2 [25], s = 1:531014Hz (s = 1960nm),  = 2:811012Hz, f = 360s
[24] and q = 1:11 (calculated from the laser slope for the same ﬁbre). From the
Figure, it can be seen that the theory is a good ﬁt for the data, but slightly
over-estimates the output power.
Figure 3.15: The theoretical ASE output power from the angled
facet compared to the measured value for both ends of the ﬁbre
pumped as a function of the launched pump power.
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TheoutputbeampropagationfactorwasmeasuredtobeM2 <2.8, whichgiven
the ﬁbres V-value of 7.2 (at the central wavelength of 1958nm) is reasonably
good. This is especially true given that the measurement technique will record
a worse beam quality for a broadband source than for a narrow linewidth one,
due to multimode interference. Both the beam quality and slope efﬁciency can
be improved by modifying the ﬁbre design so that it has a smaller V-value (and
therefore by the rough guide where V  2M2, a smaller output beam propa-
gation factor) and by modifying the core composition such that the Al3+:Tm3+
ratio is further optimised to favour two-for-one cross-relaxation [22,23].
The emission spectrum for output power above 300mW had a central wave-
length of 1958nm and a bandwidth (FWHM) of 36nm, as seen in Figure
3.16. The line shape in this power range is nearly a perfect Gaussian, suggest-
ing that Tm-doped ASE sources should be ideal where a Gaussian intensity
proﬁle are desired, such as in Fibre-optic gyroscopes [27] and in optical co-
herence tomography [28]. Furthermore, for optical coherence tomography, the
spectral bandwidth and power of the source is important because the broader
the emission bandwidth, the better the resolution and contrast achievable,
whilst the high spectral power density is required to improve the signal to
noise ratio in the system [28].
For low power operation (<20mW), the emission spectrum was very broad,
spanning a wavelength range of 1650m to 2100m, as seen in Figure 3.17.
For the 8mW emission spectrum, the structure seen in the range of 1800nm to
1950nm is caused by absorption from water vapour in the air (more details on
water absorption in ASE sources is given in Chapter 5, Section 5.2.3). As the
output power increases, the emission bandwidth narrows so that for the out-
put powers of 8mW, 51mW and 300mW, the FWHM bandwidths are 280nm,
80nm and 42nm respectively. This is to be expected due to the wavelengths
that experience the highest gain beginning to saturate the inversion with in-
creased pump power, resulting in an ever reducing gain for wavelengths in
the wings. This can be seen by the fact that above the signal saturation inten-
sity of Psat  340mW, the bandwidth is nearly constant.
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Figure 3.16: The output emission spectrum for the angle polished
ﬁbre end as a function of the output power for high powers.
Figure 3.17: The output emission spectrum for the angle polished
ﬁbre end as a function of the output power for low powers.
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To investigate the effect of pumping direction on the output performance, each
end of the ﬁbre was pumped individually by a 30W diode bar. The output
power as a function of launched pump power measured is shown in Figure
3.18. In both cases, the output spectrum from the angled end was monitored
using the DongWoo Monochromator Model DM500i. In the case where the
angled end was pumped (counter-propagating pump) with 25W of launched
pump power, the maximum output power was 4.9W and 0.12W for the angled
and straight ends respectively, resulting in a Pangle=Pstraight of 42. The slope
efﬁciency from the angle end was 36%. This is slightly less than for both end
pumping, due to the increased re-absorption of the signal in the un-pumped
end of the ﬁbre. The output spectrum was centred at 1960nm, with a band-
width (FWHM) of 36nm. For the situation where the straight end was pumped
(co-propagating pump), the output powers at 25W of launched power were
3.8W and 0.16W for the angled and straight ends respectively, resulting in a
power ratio of Pangle=Pstraight = 23. This corresponded to a slope efﬁciency
from the angle end of 28%. The decreased slope and output power compared
to the counter-propagating regime is attributed to reabsorption loss at the out-
put end of the ﬁbre, and thus the gain in the two pumping directions is dif-
ferent. The emission spectrum from the angled facet was very similar to that
for the counter-propagating pump, with a central wavelength of 1960nm and
bandwidth (FWHM) of 39nm. For both pumping directions, the maximum
output powers were limited only by the available pump power, but in the cur-
rent cavity conﬁguration, the onset of lasing (as shown in the case where both
ends were pumped) will be a limiting factor. Comparing the output power
with that predicted by the theory, it can be seen that as was the case before, the
theory predicts a higher output power. A comparison of the theoretical output
power with the measured value is shown in Figure 3.19, where the values used
in the calculations were the same as those used above. In both cases, the the-
oretical power is much higher than the measured value. The reason for this is
that the theory assumes that there is no energy transfer up-conversion (ETU)
or excited state absorption (ESA) from the 3F4 manifold. In practice, this is not
the case as ﬂuorescence through the ﬁbre cladding can be observed in the blue
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spectral region, where the emission must originate from much higher energy
levels. This is shown by Moulton et al. [29], where they show that pump-
ing at 790nm can lead to inversion in the 1G4 manifold whose energy level is
21277cm 1, corresponding to an emission wavelength of 470nm. The impact
of this is that there is a higher inversion in the model than there is in practice
and as such, the theoretical ASE power is higher. Therefore, accounting for
ESA and ETU in the modelling should improve its accuracy.
Figure 3.18: ASE output power from the straight and angled facets,
as a function of launched pump power and the pumping direction.
To explore if the ASE output power in a predominantly single-ended all ﬁ-
bre approach can be scaled further before the onset of lasing, the same ﬁbre
was angle polished to 14 at both ends. This ﬁbre was ﬁrstly pumped at only
one end with an output power of 2.3W from the pumped end compared to
1W from the un-pumped one. This further shows the signiﬁcance of pump
direction on output power. With both ends of the ﬁbre pumped, the max-
imum output power achieved was 8.2W and 6.8W (from the pumped and
un-pumped ends respectively) for a launched pump power of 50.3W, with no
presence of parasitic lasing. The combined ASE output of 15W was achieved
with a slope efﬁciency of 42.5% with respect to launched pump powers for out-
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(a) Angled Facet Pumped (b) Straight Facet Pumped
Figure 3.19: The ASE output power from the angled facet as a func-
tion of pump direction, comparing the theoretical output with mea-
sured values, as a function of the launched pump power for (a)
the angled facet pumped and (b) the perpendicularly cleaved facet
pumped.
put powers above 10W. This suggests that further power scaling in the single-
ended regime is still achievable by slightly angling the straight facet to reduce
the feedback reﬂectivity, whilst still maintaining a large reﬂectivity difference
between the facets so that a predominantly single-ended output is obtained.
However, although reducing the ﬁbre’s end facet’s reﬂectivity will increase
the laser threshold, it cannot stop lasing altogether. Therefore, as previously
discussed, the onset of lasing will ultimately limit the maximum obtainable
ASE power.
3.3.5 Conclusion
In conclusion, a single-ended ASE source has been demonstrated based on a
Tm-doped silica ﬁbre, which was operated in a high cavity loss conﬁguration,
such that one ﬁbre end facet had a much lower feedback reﬂectivity than the
other. This approach produced predominantly single-ended ASE output of
11W for 40.3W of launched pump power. The emission bandwidth at this
power level was 36nm, with a central wavelength of 1958nm. With the
cavity design used, the output power was limited by the onset of parasitic
lasing. The laser threshold can be increased by further reducing the feedback
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reﬂectivity of the end facets. To maintain single-ended operation, the output
coupler reﬂectivity would still need to be signiﬁcantly lower than the other
end facet. This could be achieved by angle polishing both ends, but with the
output coupler polished to a larger angle. Alternatively, by changing the ﬁbre
geometry, the twisted end facet [7] approach used previously could be applied
to this system. The beneﬁt of this approach is that it has been shown that the
feedback reﬂectivity can be as low as  10 7, compared to the typical lowest
reﬂectivity of an angle polished surface of  10 5 [30].
A point of interest to further this research would be to explore the limits of
reducing the ﬁbre feedback, whilst maintaining single-ended output, before
the laser threshold is reached. It would seem that even when operating well
above the saturation intensity and achieving a slope efﬁciency comparable to
a laser oscillator with the same ﬁbre, the ASE cannot completely dominate the
inversion. In Section 3.2.5, a theory was proposed to explain why lasing will
occur. This showed that resonant wavelengths inside the ﬁbre see a favourable
increase in intensity compared to non-resonant ones, as the pump power is in-
creased. As a result, these resonant wavelengths begin to dominate the inver-
sion at higher pump powers, such that eventually their round-trip loss equals
the gain and they begin to lase. It would seem therefore that no matter what
the ﬁbre end facet reﬂectivities, lasing will always eventually occur with high
enough pump powers. Therefore, reducing the ﬁbre reﬂectivities whilst main-
taining R1  R2, for predominately single ended output, will scale the maxi-
mum ASE power, but this will still be limited by the onset of lasing. Another
potential limit on the maximum ASE power is due to Rayleigh scattering from
microscopic inhomogeneities along the ﬁbre [13]. Rayleigh scattering causes
unwanted feedback inside the ﬁbre core, which could result in parasitic lasing
and therefore limit the ASE power.
A solution to parasitic lasing could be to use an ampliﬁer system to further
power scale the ASE signal. This approach was successfully applied by Wang
et al. [9] in Yb-doped silica ﬁbres, where they showed that for their single stage
gainelement, theonsetoflasinglimitedtheperformanceto40WofASEpower,
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but that by using an ampliﬁer, this power could be scaled to 122W, limited only
by the available pump power. However, using an ampliﬁer system will add
to the system complexity and require the use of high power optical isolators.
In the 1m regime this would not be a problem, but at 2m, commercially
available isolators are limited to particular wavelengths and currently have
very low damage thresholds, which in turn limit the maximum ASE powers
launched into the ampliﬁer and therefore the maximum ampliﬁed power.
3.4 Summary
It has been shown that an all ﬁbre approach using low reﬂectivity feedback
ﬁbre end facets with R1  R2 and R1;2  1, can achieve predominantly single-
ended operation in both a laser oscillator and ASE source. The laser oscillator
was based on a cladding pumped Yb-doped silica ﬁbre with a twisted-end ter-
mination method [7] to obtain a very low feedback reﬂectivity ( 610 5) one
end and a perpendicular cleave the other. The maximum output power ob-
tained was 29.1W, which was limited by the available pump power. Due to the
largecavitylosses, thelaserthresholdwashigherthanatypicalYb-dopedﬁbre
laser, and as a result, the output spectrum had a signiﬁcant ASE component.
The relative power contained in the ASE was determined using a Scanning
Fabry Perot Interferometer to ﬁlter the laser and ASE signals. This showed that
the contribution to the output was 18% ASE at the maximum power. How-
ever, this analysis showed that at high pump powers, the ASE power rolled
over, suggesting that with additional pump power, the laser emission could be
further scaled and the relative ASE component in the output reduced.
For the ASE source, a cladding pumped Tm-doped ﬁbre with a perpendicu-
larly cleaved facet (3.5% Fresnel Reﬂection) and an angle polished end facet
were used to form the single-ended output cavity. The source produced 11W
of ASE power for a total launched pump power of 40W (pumped equally from
both ends), which with the current cavity design was limited by the onset of
parasitic lasing. The slope efﬁciency of the source was 38% to launched pump
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power, which was comparable to that for a laser using the same ﬁbre but with
an external feedback cavity to yield single-ended operation (laser slope = 41%).
The impact of pumping direction on output performance was measured and
showed that a counter-propagating pump gave a higher output power and
slope efﬁciency than the co-propagating pump, as expected. Furthermore, to
explore the limits imposed by the onset of lasing, the ﬁbre was angle polished
to 14 at both ends. The total output power extracted was 15W for a launched
pump power of 50.3W. At this highest available pump power, there was no
evidence of parasitic lasing. This suggests that further scaling in the output
power of this all ﬁbre single-ended approach should be possible if the per-
pendicularly cleaved facet was angle polished slightly to reduce its feedback
reﬂectivity (and therefore increase the laser threshold), whilst still maintain-
ing R1  R2 and thus predominantly single-ended output. It has been shown,
since this work was conducted, that the ASE output in an Yb-doped ﬁbre using
the twisted end termination can be scaled to 62W of single-ended output [9]
before the onset of lasing. Furthermore, Chan et al. [30] showed that by ap-
plying a low reﬂectivity at both ends, the output could be scaled to 110W
of double ended ASE power. This is similar to our 2m results, emphasising
that with additional pump power and a further reduction in total cavity feed-
back will result in signiﬁcant scaling in the output power. However, it would
seem from our calculations that the onset of lasing will always occur and that
reducing the reﬂectivity will only increase the laser threshold, not stop lasing
altogether. A solution to this problem is to use an ampliﬁer system. Wang et
al. [9] demonstrated this approach in Yb-doped silica where they showed that
the output power of a single gain element was limited to 40W by parasitic las-
ing, but that by using a second gain element the output power could be scaled
to >120W, limited only by the available pump power. Therefore, using an am-
pliﬁer system based on Tm doped ﬁbre would appear to be the best strategy
for further power scaling. The only potential limit to an ampliﬁer system is
the availability of high power optical isolators. In the 1m regime this is not
a problem, but as was found in the next chapter, commercially available iso-
lators at 2m are very limited in both their power handling and in the range
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operational wavelengths.
Afurtherlimitationtobothoftheselowfeedbackregimesistheirsusceptibility
to external feedback. This can be a serious problem, as in the case of a laser any
feedback will change the laser dynamics, and if the effective feedback reﬂec-
tivity for the output coupler is increased, it will cause the output power ratio
to reduce and therefore also reduce the effective laser efﬁciency. In the case
of the ASE source, the impact of external feedback is even more pronounced
as any feedback could cause parasitic lasing and potentially damage the ﬁbre.
Therefore, in both cases, controlling sources of feedback is a high priority.
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Single frequency Tm-doped ﬁbre
master oscillator power ampliﬁer
4.1 Introduction
This chapter focuses on work conducted on a high power single-frequency
source operating in the 2m spectral region. These sources are of particular
interest for spectroscopy, gas sensing and nonlinear frequency conversion to
the mid-infrared. After reviewing common approaches for obtaining single-
frequency oscillation, it was apparent that a single-stage oscillator would not
be able to operate at high power levels. Therefore, a master oscillator power
ampliﬁer conﬁguration was employed, whereby a low power laser with stable,
narrow linewidth output and an excellent beam quality, is power scaled using
a series of ampliﬁer stages without degrading the signal stability or increasing
beam propagation factor. The master oscillator approach chosen was based on
a Tm-doped silica ﬁbre with a distributed feedback (DFB) grating UV written
into the core, as this approach allows for wavelength selection and will enforce
robustsingle-frequencyoperation[1–3]. Thismaster-oscillatorwasthenpower
scaled using three ampliﬁer stages.
As was discussed in Chapter 2, in ﬁbre based oscillators and ampliﬁers the
tight beam conﬁnement in the core can result in high peak intensities, which
induce non-linear effects in the ﬁbres. Therefore, the impact of non-linear ef-
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fects on the performance is discussed, with limits given in terms of the signal
power required before the onset of each non-linear effect.
To aid the design and production of an efﬁcient ampliﬁer system, the ampliﬁer
performance was modelled to predict the system gain and power extraction
efﬁciency with the incident signal power available. This model showed that
the small signal gain in the ﬁbres used in the ampliﬁer stages is very high,
such that operating in a saturated regime can be achieved for moderate seed
power levels (1W). Furthermore, using the model, the output signal intensity
from an ampliﬁer stage can be estimated so that the design can be modiﬁed to
ensure that the onset of non-linear effects, in particular Stimulated Brillouin
Scattering, does not occur.
Lastly, the results for the MOPA conﬁguration are discussed, with the potential
for further power scaling given. In this chapter, the single-frequency DFB laser
and intermediate ampliﬁer were constructed by Dr. Zhaowei Zhang with the
DFB grating written by Dr. Morten Ibsen. The power ampliﬁer stage construc-
tion and the subsequent results and analysis were conducted by myself.
4.2 Single-frequency oscillator
4.2.1 Approaches
Bydeﬁnition, asinglefrequencyoscillatoronlyoperatesonasingle-axialmode.
There are many approaches for achieving this, which are brieﬂy discussed.
One approach is to select the cavity length such that the mode spacing  is
large compared to the transition linewidth, where  is given by
 =
c
2nl
(4.1)
where n is the ﬁbre refractive index and l the cavity length. However, depend-
ing on the laser transition and gain medium, this can require a small cavity
length, such that for efﬁcient lasing, the doping concentration in the region
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would have to be very high, which is not always practical. Another approach
is to insert mode selecting elements into the cavity, such as etalons, which will
suppress modes that are adjacent to the laser mode. This means that longer
cavity designs can be used with lower doping concentrations. The drawbacks
to this are that the system has limited ﬂexibility for wavelength tuning, added
to the requirement for polarisation selecting elements (and in the case of ﬁbres,
using polarisation maintaining ﬁbre). Furthermore, these additional cavity el-
ements add to the system complexity and cost.
The problem for both of these standing wave conﬁgurations is the build up
of gain at the nodes of the stand-wave, due to spatial hole-burning. This can
result in a reduction in the overall efﬁciency due to a reduced effective gain,
with these areas not being used. To overcome this, a travelling wave cavity
can be used in the form of an unidirectional ring laser geometry. However,
these cavities are not without their limitations. To achieve unidirectional oscil-
lation requires that the loss in one direction is greater than in the other. This
is typically achieved using an optical isolator. Therefore, it is required that
the transmission for through direction in the isolator is high so that the cavity
losses are kept low for higher performance (i.e. a lower threshold pump power
and higher slope efﬁciency). In the 2m spectral region, low loss optical isola-
tors are not always available for the desired operational wavelength, whereas
for lasers operating in the 1-1.5m regime, there is considerably greater choice.
However, unidirectional operation does not always need an isolator, it only
requires the loss in each direction to differ. Shen et al. [4] demonstrated this at
2.1m, using a Ho:YAG laser where an acousto-optic modulator (AOM) was
used to enforce unidirectional operation by increasing the loss in the lasing
direction by just 0.5% (due to diffraction). Another requirement for single-
mode operation is that it is linearly polarised, requiring a cavity to have some
form of polarisation control. For ﬁbres, the ﬁbre will need to be polarisation
maintaining, which makes the splicing more complicated as the fast and slow
axis have to be correctly aligned, whilst maintaining minimal coupling losses.
Additionally, ’mode-hopping’ is also a problem in ring-cavity lasers. Given
the typical longer length in the ring laser, many axial modes are present and
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closely spaced to the laser mode. Therefore, changes in path length due to
temperature and pressure ﬂuctuations can cause the mode frequencies to shift,
whilst the gain maximum remains ﬁxed, resulting in the mode ’hopping’ to
one that now has a higher gain with the effect that the output frequency will
change [5,6]. One solution for this is to actively control the cavity length using,
for example, a piezoelectric transducer ﬁbre stretcher, which compensates for
the undesired changes in cavity length by automatically adjusting its length to
maintain the desired output frequency. However, using active controls such as
this increases the system complexity and cost.
Given the limitations in these approaches, it was decided that a DFB laser
would be used as the single-frequency master oscillator, due to the monolithic
structure of the grating making it resistant to mode hopping and that it offers
wavelength tuning by stretching and compressing the grating (although in sil-
ica ﬁbres compression is used, as the ﬁbre can withstand much larger compres-
sive stress than tensile [7]), which changes the grating pitch and therefore the
Bragg wavelength [7]. Furthermore, DFB gratings are desirable as their con-
struction and operation is simpler than the ring laser or external cavity laser.
These beneﬁts have been demonstrated for other rare earth doped ﬁbres, for
example in an Er/Yb DFB ﬁbre laser Mokhtar et al. [8] achieved a tuning range
of 110nm whilst maintaining single mode operation. The basic theory for DFB
ﬁbre lasers and their operation and fabrication is outlined below.
4.2.2 Distributed feedback laser
Modelling distributed feedback lasers has been well documented in the litera-
ture, such as by Kogelnik and Shank [9]. The analysis is based on two counter
propagating waves that are coupled via Bragg scattering for a periodic varia-
tion in the material’s refractive index. Figure 4.1 shows a simpliﬁed illustra-
tion of the operation of a DFB structure with two counter propagating waves
at a wavelength . As each wave propagates through the periodic structure,
it receives light scattered via Bragg scattering from light travelling in the op-
posite direction. Therefore, the feedback is effectively distributed throughout
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the grating region. In the presence of gain, the signal intensity increases as
expected, with energy coupled into the waves in both directions via the Bragg
scattering.
Output Output
ë/2
Figure 4.1: Illustration demonstrating laser oscillation in a periodic
structure [9].
The coupling of light into the forward and backward directions is strongly
dependent on the Bragg condition being satisﬁed, where the spatial period of
the grating, , satisﬁes
 =
B
2neff
(4.2)
where B is the Bragg wavelength and neff is the effective refractive index.
Therefore, by controlling the period of the grating, the operational wavelength
can be selected. The reﬂectivity of a distributed feedback grating can be calcu-
lated using
R = tanh(L) (4.3)
where L is the grating length, and  is the coupling coefﬁcient given by
 =
n
B
(4.4)
wherenistherefractiveindexmodulation. Byinducingapermanent phase
shift in the cavity, the feedback in the cavity in each direction can be modi-
ﬁed, depending on the phase change position [10]. The region of the grating
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with the shortest length after the phase change will see more output due to
the reduced effective reﬂectivity, given by equation (4.3). As was discussed
in Chapter 3, the ratio of these reﬂectivities will determine the output power
ratio well above threshold, such that for predominantly single ended output,
one reﬂectivity needs to be smaller than the other. Due to the typically short
cavity lengths used in DFB lasers, typically <10cm, the reﬂectivities need to be
high so that the optimum output power is achieved for a given pump power
(i.e. the threshold is low and that the slope efﬁciency is high).
Inﬁbres, theseperiodicchangesinrefractiveindexinthecorearecreatedwhen
photosensitive dopants, such as germanium, absorb ultra-violet light in the
form of an intense optical interference pattern. The refractive index change
is dependent on the intensity of the UV light, the duration of exposure and
the photosensitivity of the medium. The two commonly used techniques for
writing Bragg gratings into ﬁbres are the transverse holographic technique,
and the phase mask technique [11].
The Transverse Holographic Technique uses two overlapping UV light beams
that interfere to produce a periodic interference pattern that is subsequently
written into the core. For this technique, the ﬁbre cladding has to be transpar-
ent to the UV light. With this technique, the grating period is determined by
the angle between the two coherent UV beams and the wavelength.
Alternatively, the Phase Mask Technique uses a phase mask made from a ﬂat
slab of silica glass, which is transparent at UV. On one surface, a one dimen-
sional periodic surface relief structure is etched using photolithographic tech-
niques, such that the proﬁle of the pattern approximates a square wave. The
ﬁbre is placed in close proximity to the mask and a UV beam projected onto
it. The UV beam is then diffracted by the periodic corrugations of the mask
to form an interference pattern inside the ﬁbre via the 1 diffracted orders.
By careful control of the phase mask design, the zero order diffracted mode
is reduced to <5% and the 1 modes have roughly equal intensity. If the pe-
riod of the phase mask grating is mask then the period of the DFB grating is
 = mask=2. For this technique, the grating period is independent of the writ-
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ing wavelength, so, by careful mask design, can be written for any operational
wavelength regime. This technique has the advantage over others due to it be-
ing easier to implement, with less constraints on alignment and coherence of
the source, which enable cheaper excimer lasers to be used. A potential draw-
back to this approach is that a separate phase mask is needed for every Bragg
wavelength. However, the usefulness of each phase mask can be extended by
adjusting the written grating pitch (and therefore the Bragg wavelength) using
different techniques during the writing process. One approach is to angle the
ﬁbre in relation to the phase mask, such that one end of the ﬁbre is in con-
tact with the phase mask and the other is a distance d away. In this case the
grating’s central wavelength can be shifted by [12]
B = 2n
r
1 +
d2
l2 (4.5)
where n is the refractive index of the ﬁbre,  is the ﬁbre grating period and
l is the length of the phase mask. With this approach, Othonos and Lee [12]
demonstrated 2nm of tuning for a Bragg wavelength centred at 1558nm. How-
ever, the limitation to this approach is that the written grating was blazed
at a small angle (in this case <0.05 radians), which results in a propagation
loss [13].
Alternatively, by changing the radius of curvature of the UV beam incident
on the phase mask, it is possible to magnify the image written into the ﬁbre
and thus change the grating pitch and therefore the Bragg wavelength [14].
Prohaska et. al. [14] demonstrate this using a positive lens to focus the UV
beam through the phase mask. By adjusting the distance between the lens
and the phase mask, and the phase mask and the ﬁbre, they tuned the Bragg
wavelength by 1.7nm from the central wavelength at 1.3m. They predict that
the tuning range of the grating period using this method is limited to a few
percent.
However, if greater ﬂexibility in operational wavelength is required from a
given phase mask, it is worth noting that the Bragg wavelength can be tuned
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by compressing the grating, for example [7,8]. Therefore, the usefulness of the
phase mask can be extended just by operating the written ﬁbre grating under
compression for wavelength selection.
The simplest approach for writing the permanent phase change into the grat-
ing is to expose the phase change position for longer, such that the refractive
index change will be increased [15]. Alternatively, using the moving ﬁbre-
scanning beam technique and phase masks, the phase change can be incorpo-
rated by simply moving the ﬁbre by the appropriate distance at the desired
position, while the UV beam is scanning [16].
In a typical germanium doped ﬁbre, the refractive index change produced in
the writing process is n = 10 5   10 3. This refractive index change can be
further enhanced using techniques such as hydrogen loading, whereby the re-
fractive index change can be as high as 10 2 [17]. This technique involves ex-
posing the ﬁbre to high pressure H2 gas for a prolonged period of time, of the
order of a days. The result is that the H2 diffuses into the core and increases the
core photosensitivity, such that when the dissolved H2 is exposed to UV light,
it reacts with the silica, typically at the Ge sites, causing a large permanent
change in refractive index. This is signiﬁcant as an increase in the refractive
index difference will increase the coupling coefﬁcient and therefore reduce the
required grating length to achieve the same effective reﬂectivity. Therefore, as
a result of the shorter cavity length, the mode spacing is increased, making
single-frequency operation in the cavity easier to achieve.
4.3 Ampliﬁer considerations
4.3.1 Small signal gain operation
In the simple case of a single-pass ampliﬁer, where the signal passes through
the inverted gain medium, the small signal gain can be predicted analytically.
By assuming that the input signal is small, such that it does not signiﬁcantly
deplete the inversion, the total available small signal gain, G0, for a single pass
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is given by
G0 = exp
Z l
0
g0(z)dz   Ll

(4.6)
where g0(z) is the small signal gain coefﬁcient at position z in the ﬁbre, L is
the background ﬁbre attenuation coefﬁcient at the signal wavelength and l is
the ﬁbre length. The small signal gain coefﬁcient is given by
g0(z) = N2(z)e(L)   N1(z)a(L) (4.7)
where N2 is the upper laser level, N1 is the lower laser level, and e(L) and
a(L) are the absorption and emission cross-sections at the signal wavelength.
For a three-level system, it can be assumed that the pump excitation rapidly
decays to the upper signal level, such that N1 = N2   N for a total ion density
N. In this case, the small signal gain is
g0(z) = N2(z)(e(L) + a(L))   a(L)N (4.8)
Assuming that there is no ASE or signal, the rate at which the pump power
is depleted as a function of z due to the spontaneous emission power is given
by [18]
dPP(z)
dz
=  
AcorehpN2(z)
qf
(4.9)
where Acore is the core area, p the pump frequency, f is the ﬂuorescence life-
time of the upper laser level, q is the pump quantum efﬁciency (deﬁned as
the fraction of absorbed pump photons that result in excited ions in the up-
per laser level). Substituting equations (4.9) and (4.8) into equation (4.6), and
integrating gives a total small signal gain of
G0 = exp

(e(L) + a(L))qfPabs
Acorehp
  a(L)Nl   Ll

(4.10)
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for Pabs = PP(0)   PP(l) = PP(0)abs where for negligible ground state deple-
tion abs = 1   exp( (P)Nl)).
4.3.2 Saturated gain operation
In the small signal gain regime, the signal power grows exponentially as it
propagates through the medium, if the inversion is uniform. However, for
largesignals, moreoftheionsaredepletedandthereforethegainisreduced, so
that the ampliﬁer is said to be saturated. In the highly saturated regime and for
a uniform inversion along the medium, the signal power will grow linearly as
itpropagatesasalltheinversionis stimulated. Inpracticeitisneverpossibleto
completelysaturatetheampliﬁer, suchthatthetotalgainisunity, asthiswould
require an inﬁnite signal power. The basic differential equation governing the
growth rate of a signal with power P(z) along a lossless ampliﬁer is given
by [19]
1
P(z)
dP
dz
=
g0
1 +
P(z)
Psat
(4.11)
where Psat is the saturation power deﬁned as the signal power which reduces
the gain to half the small-signal value. This saturation power is given by
Psat =
hLAcore
(a(L) + e(L))f
(4.12)
Since the gain coefﬁcient varies with signal power and distance along the am-
pliﬁer, it is not possible to simply relate the gain, G, to the total small signal
gain and the input signal power Pin. Instead equation (4.11) can be rearranged
and integrated over the length of the ﬁbre and the input and output powers
Z Pout
Pin
1
P(z)
+
1
Psat
dP =
Z l
0
g0(z)dz (4.13)
which can be solved to give
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ln

Pout
Pin

+
Pout   Pin
Psat
= lnG0 (4.14)
By deﬁnition the total gain is given by G = Pout=Pin, so equation (4.14) can be
rearranged into the more useful
Pin
Psat
=
1
G   1
ln

G0
G

(4.15)
Given that the maximum available gain is G0, the ampliﬁer gain can be ex-
pressed as a function of the input signal power for 1 < G < G0.
It is normally desirable to operate an ampliﬁer in the saturated regime so that
maximumpowerisextractedfromtheampliﬁer. Thisimpliesthathigherinput
signal powers will be required. The power extracted from an ampliﬁer is given
by
Pext = Pout   Pin = Psat ln

G0
G

(4.16)
In the highly saturated regime, the gain approaches unity, which allows the
maximum available gain to be calculated from equation (4.16) as being
Pavail = lim
G!1
Psat ln

G0
G

= Psat ln(G0) (4.17)
From equations (4.16) and (4.17), the extraction efﬁciency of the ampliﬁer can
be calculated as
ext =
Pext
Pavail
= 1  
lnG
lnG0
(4.18)
Using equations (4.15) and (4.18), the total gain and extraction efﬁciency can
be predicted as a function of the incident signal power for the ampliﬁer stages
discussed below. This is shown in Figure 4.2, where they are calculated using
the values e( = 1943nm) = 4:5  10 25m2 and a( = 1943nm) = 6:33 
10 27m2 [20], and f = 360s [21]. The following ﬁbre dependent values used
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arebasedontheactualﬁbresusedintheexperiments. Forthepreampliﬁerand
intermediate ampliﬁer a 60cm long ﬁbre with a 10m diameter core was used,
where q = 1, a( = 1565nm) = 2:2  10 25m2 [22] and N  1:05  1026m3.
Likewise, for the power ampliﬁer stage, a 4m long ﬁbre with a 25m diameter
core was used, where a( = 790nm) = 8:2  10 25m2 [22], N  3:2  1026m3
and q = 1:51 (calculated from the laser slope efﬁciency in Chapter 5 using the
same 25m ﬁbre). The ﬁgure shows that for input signal powers greater than
1mW, the extraction efﬁciency in both ampliﬁer stages will be >96%.
Figure 4.2: Showing the dependence of the Total Gain (solid lines)
and the extraction efﬁciency of the ampliﬁer (dashed lines) as a
function of incident signal power. Shown are a 10m diameter Tm-
doped ﬁbre with 15W of absorbed pump power (red), and a 25m
diameter Tm-doped ﬁbre with 190W absorbed pump power (blue).
4.3.3 Nonlinear effects
The onset of nonlinear effects can signiﬁcantly limit the output power that can
be extracted from an ampliﬁer. The impact of nonlinear effects was discussed
in Chapter 2, where it was noted that Stimulated Raman Scattering (SRS) and
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Stimulated Brillouin Scattering (SBS) can in certain regimes be two of the main
limits of power scaling for ﬁbre ampliﬁers. However, using equations (2.49)
and (2.51), it can be seen that SBS will limit the performance before SRS when
the lorentzian signal linewidth, p, is
p < B

gB
gR
  1

(4.19)
where gB is the Brillouin gain coefﬁcient equal to gB  5  10 11m=W in
silica [23], gR is the Raman gain coefﬁcient, which has a maximum value in
silica of gR  1:5  10 13m=W [24,25], and B is the Lorentzian linewidth
of the SBS gain which is 9.8MHz at 1943nm (calculated using the fact that
the pump wavelength dependence on B is B _ 1=2 [26] and that in
bulk silica B 33MHz at 1.06m [26]). Therefore, for signal linewidths
less than 3.2GHz at 1943nm, the SBS threshold will be reached ﬁrst, where for
p << B this signal power threshold is given by [27]
P
SBS
thres =
21AeffK
gBleff
(4.20)
where Aeff is the effective core area, leff is the effective ﬁbre length, and K
is a factor that accounts for the polarisation of the pump. For polarised light
K = 1 and for unpolarised light K = 2. The effective ﬁbre length is deﬁned
as leff = 1
P (1   exp( Pl)), where l is the ﬁbre length and P the loss co-
efﬁcient for the pump signal. This equation gives the maximum theoretical
signal power in the ﬁbre before the onset of SBS. Therefore, the impact of SBS
on the ampliﬁer system can be controlled by designing the ﬁbres such that
the signal power does not exceed the SBS threshold. The SBS threshold sig-
nal power has been calculated for the ﬁbres used in this MOPA system. For
the pre-ampliﬁer and intermediate ampliﬁer stages, a 60cm long ﬁbre with an
Aeff = 7:85  10 11m2 was used, and the ﬁnal power ampliﬁer stage used
a 4m long ﬁbre with an Aeff = 4:9  10 10m2. Both ﬁbres are discussed in
more detail later. Using these values gives a P SBS
thres=55W for the pre-ampliﬁer
and intermediate ampliﬁer stages, and a P SBS
thres=52W for the power ampliﬁer
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stage. Given that the pre-ampliﬁer and intermediate ampliﬁer stages are lim-
ited to 10W and 20W of pump power at 1565nm respectively (experimental
setup discussed below in more detail), it is not possible for the SBS threshold
to be reached. In the power ampliﬁer stage, the launched diode pump power
available is 380W, which implies a potential signal power of 150W, which is
well above the SBS threshold, suggesting that SBS will become a problem at
high pump powers. However, as was noted in Chapter 2, the SBS threshold
power is only a lower estimate of the signal power, and in practice the actual
threshold will be much higher due to temperature variations along the ﬁbre
causing the refractive index to vary non-uniformly due to the thermo-optic ef-
fect. This temperature variation is predominately caused by the decrease in
absorbed pump power along the ﬁbre, which results in differing levels of heat
generation as a function of propagation distance along the ﬁbre.
4.4 Set-up
The MOPA discussed in this chapter consisted of four stages: a low power
thulium doped DFB ﬁbre laser as the master-oscillator; a simple pre-ampliﬁer
spliced to the DFB laser and pumped by the residual pump power from the
DFB laser; an intermediate ampliﬁer stage; and, a ﬁnal power ampliﬁer stage,
as seen in Figure 4.3. For the DFB laser, the key factor for efﬁcient performance
was to obtain a high absorption efﬁciency in the ﬁbre, as the laser cavity length
formed by the DFB grating is very short, typically only a few centimetres, and
therefore the available gain for oscillation can be severely limited. To achieve
the required levels of absorption, the DFB ﬁbre laser must have a high Tm dop-
ing concentration and be operated in a core-pumped conﬁguration. The com-
mon approach of pumping Tm-doped ﬁbres using high power diode emitters
operating around 790nm cannot be applied to core pumping because of the
low brightness output obtained from the diodes. Therefore, the pump source
of choice was a commercially available (SPI lasers) Er, Yb ﬁbre lasers operating
at 1565nm, which have very good output beam quality and therefore enabled
a high coupling efﬁciency into the core of a single-mode ﬁbre. Single-mode
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ﬁbre was chosen for single spatial mode operation and therefore allows single-
frequency operation, as well as that the output beam quality of the DFB laser
would be near-diffraction limited. For the power ampliﬁer stage however, no
such constraints are required, allowing a more conventional cladding pumped
scheme using diode emitters operating at 795nm to be employed. The moti-
vation for this is the two-for-one cross-relaxation process that occurs in Tm-
silica as discussed in Chapter 2. A further motivation is that high power diode
sources are commercially available with output powers in excess of several
hundreds of Watts.
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Figure 4.3: Schematic of the single frequency MOPA conﬁguration.
TheTm-doped ﬁbreused forthe DFBmaster oscillatorwas fabricatedin-house
via modiﬁed chemical vapor deposition (MCVD) and solution doping. The re-
sulting ﬁbre had a thulium, germanium co-doped alumino-silicate core with
a diameter of 10m and a numerical aperture (NA) of 0.17, surrounded by
a pure silica circular cladding with a diameter of 125m. The small signal ab-
sorption coefﬁcient in the core was measured to be 100dB/m at 1565nm. To
facilitate writing a high reﬂectivity grating, the core photosensitivity was en-
hanced by hydrogen-loading. The grating was written using the phase mask
technique. An 8cm long grating was fabricated with a -phase shift 6mm from
the grating’s mid-point in order to produce a predominantly single ended out-
put when operated as a DFB oscillator. The grating pitch was selected for laser
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operation at 1943nm and had a grating coupling coefﬁcient  of 100m 1. This
output wavelength was selected as it was required for an EU funded project
for which the single frequency source was being developed.
The pump power for the DFB laser was provided by a 10W Er,Yb doped ﬁbre
laser, which had an operating wavelength selected to be 1565nm, with a <2nm
linewidth (FWHM), to allow for efﬁcient in-band pumping of the 3H6-3F4 tran-
sition in thulium-doped silica glass. The output beam propagation factor of
the pump sources was measured to be M2 <1.1. The excellent beam quality
allowed the pump to be coupled into a standard telecom ﬁbre (core diameter
9m and NA of 0.14) which was spliced directly to the DFB laser, with a launch
efﬁciency of 80%.
The forward output end of the DFB laser was spliced to a 60cm long piece
of the Tm-doped ﬁbre (10m core), which was pumped by the residual (unab-
sorbed) pump from the DFB, and used to amplify the forward output. Both the
input facet of the pump delivery ﬁbre and output facet from the pre-ampliﬁer
were angle-polished to 10 to reduce broadband feedback and thus suppress
parasiticoscillation. ThebackwardpropagatingoutputfromtheDFBlaserwas
extracted from the pump beam with a dichroic mirror (DM) with a high trans-
mission at 1565nm and a high reﬂectivity at 1943nm. This backward output
was used to monitor the performance of the DFB laser during the experiments.
The ampliﬁed output from the pre-ampliﬁer was collimated and passed
through a half-wave plate and isolator with a measured isolation of 16.9dB
at 1943nm. The signal was then launched into the intermediate ampliﬁer stage
consisting of a 60cm long piece of the Tm-doped ﬁbre, the same as used for the
DFB laser, which was spliced to a short length of pump delivery ﬁbre. A 20W
Er, Yb ﬁbre laser pump source, with the same output properties as discussed
previously, was coupled into the delivery ﬁbre with a launch efﬁciency of 80%.
Both end facets of the ﬁbre were again angle polished to 10 to suppress las-
ing of the ampliﬁer.
The collimated output signal passed through a pair of beam steering mirrors,
122Chapter 4 Single-frequency MOPA
an isolator and a half-wave plate. The latter was used to align the polarization
of the signal parallel to the slow axis of the PM Tm-doped ﬁbre. One of the
beam steering mirrors had a transmission of 5%, which allowed us to monitor
not only the seed signal but also any backward propagating output due to par-
asitic lasing or SBS. The signal was coupled into the power ampliﬁer stage via
a DM, with a high transmission at 1943nm (T>97%) and a high reﬂectivity at
the pump wavelength of 795nm (R>98%) at 45. Both end sections of the ﬁbre
were mounted in water-cooled V-groove heat sinks to prevent possible ther-
mal damage to the ﬁbre coating due to a small fraction of un-launched pump
power. Also, the ﬁbre was air-cooled by the fans to avoid thermal damage due
to quantum defect heating in the ﬁbre. Both end facets were angle polished to
10 to suppress lasing due to broadband feedback from the facets. The out-
put from the ampliﬁer was extracted through the DM on the output side and
collimated for analysis.
The pump source for the power ampliﬁer stage was provided by two 6-bar
diode stacks. The output beam propagation factor from the stacks was too
large for them to be efﬁciently launched into the power ampliﬁer ﬁbre. There-
fore, the diode output was beam shaped and the beam propagation factor re-
duced, as shown in Figure 4.4. The beam propagation factor was initially re-
duced using the aperture ﬁlling technique, whereby the output was collimated
in the fast and slow axis using micro-lens arrays to remove some of the ’dead
space’ between the emitters. The collimated beams from each stack were then
spatially combined using slotted mirrors to further reduce the ’dead space’.
The combined beam had an output beam propagation factor of M2
slow 600
and M2
fast 50 and a maximum power of 500W. By exploiting the highly po-
larised output from the diode stacks (polarisation extinction ratio >98%), the
beam propagation factor was further reduced in the slow axis by polarisation
re-combining the diode output. The resulting beam had a beam propagation
factor of M2
slow 280 and had a slight degradation in the fast axis beam prop-
agation factor. The beam propagation factor was then further reduced by cut-
ting the beam in half at the beam waist to produce two beams for pumping
each end of the power ampliﬁer ﬁbre, each with beam propagation factors of
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M2
slow 175 and M2
fast 65, and a combined maximum power of 475W. The
measured launch efﬁciency for the 400m diameter inner-cladding ﬁbre was
80% for both end facets.
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Figure 4.4: Schematic of the beam shaping used on the diode laser
output.
The ﬁbre used for the power ampliﬁer stage was a commercially available
(PLMA-TDF-25F/400) thulium-doped polarization-maintaining (PM) ﬁbre in
a Panda conﬁguration, with a core diameter of 25m and NA of 0.1, and an
inner-cladding diameter of 400m. The small signal absorption at 795nm, in
a cladding pumped conﬁguration, was measured via the cut-back technique
to be 4.5dB/m, so an 4m long piece of the PM Tm-doped ﬁbre was used
in the power ampliﬁer. Both ends of the ﬁbre were mounted in water-cooled
V-groove heat sinks to aid heat extraction. Furthermore, the remaining un-
mounted central portion of the ﬁbre was fan-cooled to aid to heat removal in
the ﬁbre.
4.5 Results and analysis
4.5.1 Master oscillator and preampliﬁer
The DFB laser used as a master oscillator in this MOPA had a forward out-
put power of 875mW and a backward output power of 70mW at 1943nm, for
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a launched pump power of 8.1W, corresponding to 3.1W of absorbed power.
The residual pump power was transmitted into a 60cm pre-ampliﬁer, which
yieldedanoutputpowerof3.15W,withabeampropagationfactorofM2 <1.06.
Figure 4.5 shows the output power as a function of the absorbed/launched
pump power, for both the DFB laser and pre-ampliﬁer. The output from the
DFB master oscillator consisted of two frequencies operating on orthogonal
polarizations [2]. One polarization state was selected using the half-wave plate
and a polarizer. Single frequency operation from the output was conﬁrmed by
aScanningFabryPerotInterferometer(SFPI),withaFree-Spectral-Range(FSR)
of 6GHz and a Finesse of 100 [2].
(a) DFB laser oscillator (b) Pre-Ampliﬁer
Figure 4.5: Showing (a) the output performance for the DFB laser
in the forward (blue) and backward (red) directions, and (b) the
ampliﬁed output power from the pre-ampliﬁer ﬁbre [2].
4.5.2 Intermediate ampliﬁer
The signal from the pre-ampliﬁer was launched into the intermediate ampliﬁer
stage via an isolator, with a launched efﬁciency of 75% corresponding to 1W
oflaunchedsignalpower. Thelaunchedpowerwasmuchlowerthanwouldbe
expected due to the removal of the orthogonal polarization state and losses in
the isolator optics, with a total loss measured to be 55%. The maximum output
power obtained was 10W for a launched pump power of 15W, corresponding
to a slope efﬁciency of 63% (see Figure 4.6) [2].
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Figure4.6: Ampliﬁedoutputpowerasafunctionoflaunchedpump
power for the intermediate ampliﬁer, for a seed power of 1W.
4.5.3 Power ampliﬁer
For seeding the power ampliﬁer stage, the output of the intermediate ampliﬁer
output was passed through another isolator. The isolator had a transmission
loss of 15% due to absorption in the isolator optics. As a result, the output
power from the intermediate ampliﬁer stage was limited to <5W for a beam
size of 2mm diameter to avoid beam quality degradation due to thermal lens-
ing. Furthermore, to avoid damaging the isolator, the signal power had to be
less than the CW damage threshold of 200W/cm2. The launch efﬁciency into
the power ampliﬁer was measured to be 75%, which when combined with the
isolator losses, resulted in a total launched signal power of 3W. The transmit-
ted signal beam propagation factor was measured to be M2 <1.07, so was not
degraded by thermal aberrations.
Under these conditions, 100W of single frequency output was obtained for a
total launched pump power of 190W, which corresponds to a slope efﬁciency
of 59% (see Figure 4.7). Over this power range, there was negligible power
(<20mW for 190W of pump power) in the backward propagating beam, con-
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ﬁrming that there was no parasitic lasing or SBS present. Using the measured
slope efﬁciency and equation (4.14), the pumping quantum efﬁciency for the
ﬁbre was calculated to be q=1.46. This was in good agreement with the value
calculated for the same ﬁbre when operated as an oscillator in Chapter 5 as
q=1.51. Therefore, this suggests that the ampliﬁer stage was operating near
its maximum efﬁciency. At the maximum output power, the beam propaga-
tion factor was measured to be M2=1.25 and the polarisation extinction ratio
was >94%. Single frequency operation was conﬁrmed at full power using the
SFPI (see the inset in Figure 4.7).
Figure4.7: Ampliﬁedoutputpowerasafunctionoflaunchedpump
power for a seed power of 3W. Shown is the forward direction
(black) and the backward direction (red). Inset: Oscilloscope trace
for Scanning Fabry-Perot Interferometer.
Themainfactorlimitingtheoutputpowerwasthermally-induceddegradation
to the ﬁbre’s outer polymer coating, resulting in damage to the ﬁbre itself.
The impact of coating damage for limiting power scaling in ﬁbre sources was
highlighted in Chapter 2. There, the power dissipated as heat per unit length
required to reach the coating’s damage limit, Ph max, was given by
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Ph max = 4(Td   Ts)

2
k2
ln

r2
r1

+
2
r2H2
 1
(4.21)
where Ts is the ambient temperature of the surroundings, Td is the temperature
required to damage the polymer coating of 150C, r1 is the inner-cladding ra-
dius, r2 is the outer-polymer coating radius, k2 is the thermal conductivity of
the outer polymer coating of 0.1W/mK, and H2 is the heat transfer coefﬁcient
for the outer polymer coating. Considering the slope efﬁciency of 59% and that
therefore the pump power converted to heat is approximately 40%, means that
the upper-limit at which the damage threshold is reached occurs for a thermal
load of 80W. Using this power, the heat transfer coefﬁcient for the ﬁbre is es-
timated to be 110Wm 2K 1. There are several options for increasing the heat
deposition density required to damage the polymer coating. One approach
would be to use a ﬁbre with a lower doping concentration, requiring a longer
device length for the same absorption, as this would mean that the heat depo-
sition density would be decreased. However, the main attraction for pump-
ing at 795nm is the beneﬁcial two-for-one cross relaxation process that results
in two excited ions in the upper laser level for one absorbed pump photon.
This two-for-one process is dependent on the doping concentration, such that
high output efﬁciencies are achieved for high doping concentrations, as was
discussed in Chapter 2. Therefore, there is a limit to how much the doping
concentration can be reduced if high efﬁciency ampliﬁcation is to be achieved.
Another approach is to increase the heat transfer coefﬁcient by employing bet-
ter thermal management. This could be achieved by water cooling the entire
ﬁbre, instead of only just the ﬁrst 20cm at each end of the ﬁbre, with fans cool-
ing the rest of the ﬁbre. Additionally, the heat transfer coefﬁcient for our setup
would be improved if the mount had better thermal contact with the ﬁbre,
i.e. by changing the shape of the ﬁbre groove or using a thermal conduction
paste between the ﬁbre and mount (although with this there is the concern of
keeping the end facet clean).
Similarly, decreasing the coating thickness also increases the heat deposi-
tion density required to damage the polymer coating, as can be seen in Fig-
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ure 4.8. The graph shows that for heat transfer coefﬁcients greater than
600Wm 2K 1, decreasing the coating thickness signiﬁcantly increases the
heat deposition density required to damage the coating. For example, reduc-
ing the coating thickness from 100m to 50m will increase the required heat
deposition density from 130Wm 1 to 210Wm 1 when the heat transfer coef-
ﬁcient is 10000Wm 2K 1. Reducing the coating thickness beyond 50m will
result in an even larger required heat deposition density. However, there is a
limit to how thin the coating can be before pump loss becomes a signiﬁcant
problem due to evanescent wave coupling. The coating thickness can be eas-
ily selected during the pulling process, making the modiﬁcation to the ﬁbre
potential straight forward.
Figure 4.8: The maximum heat deposition required to reach the
damage limit of the polymer outer coating as a function of the
heat transfer coefﬁcient for a 25m diameter core ﬁbre and an
inner cladding diameter of 200m, and a polymer outer coating
thickness of 100m, 75m and 50m. Calculated using the dam-
age limit of coating as Td  450K, the surrounding temperature
Ts = 293K, and the thermal conductivity of the polymer coating
outer is 0.1W/mK.
In addition to the approaches above, changing the outer polymer material to
one with a higher damage threshold and/or with a higher thermal conductiv-
ity will increase the heat deposition density required to damage the coating.
Figure 4.9 shows the heat deposition required to damage the polymer outer
coating as a function of its thermal conductivity for the ﬁbre used in power
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ampliﬁer stage. It can be seen that increasing the coating thermal conductivity
for heat transfer coefﬁcients above 500Wm 2K 1 increases the heat deposi-
tion density required for coating damage signiﬁcantly as would be expected.
Signiﬁcantly, Figures 4.8 and 4.9 both show that to increase the heat deposi-
tion density required for coating damage, the heat transfer coefﬁcient must
be ﬁrst improved before the enhancements due to the coating thickness and
thermal conductivity begin to have a signiﬁcant impact. This suggests that
output power in the current setup can be increased simply by better thermal
management of the ﬁbre through more effective cooling, and that beyond this
to further scale the power requires a new ﬁbre with modiﬁcations to the ﬁbre
coating thickness and material.
Figure 4.9: The maximum heat deposition required to reach the
damage limit of the polymer outer coating as a function of the
heat transfer coefﬁcient for a 25m diameter core ﬁbre and an inner
cladding diameter of 200m, and a polymer outer coating thickness
of 50m for a thermal conductivity of the polymer outer coating
of 0.1W/mK, 0.2W/mK and 0.4W/mK. Calculated using the dam-
age limit of coating as Td  450K, the surrounding temperature as
Ts = 293K.
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4.6 Conclusions
In this chapter, power scaling a single frequency laser using a master oscillator
power ampliﬁer was demonstrated. The advantage of this approach is that it
is not possible to have a high power single frequency laser based on a single
stage oscillator. The MOPA conﬁguration allowed a lower power DFB single
frequency laser with an excellent beam propagation factor to be power scaled
to 100W of output, whilst only slightly increasing the beam propagation fac-
tor from M2 <1.06 to M2=1.25, with an output polarisation extinction ratio of
>94%.
The output power in the ﬁnal ampliﬁer stage was limited by thermal degra-
dation of the outer polymer coating of the ﬁbre. This can be improved by
employing a better thermal management of the ﬁbre by, for example, water
cooling the entire ﬁbre, not just the ﬁrst portion at each end of the ﬁbre. This
improvement is shown above in Figures 4.8 and 4.9, where the heat deposition
density required to damage the polymer outer coating is plotted as a function
of the heat transfer coefﬁcient for various ﬁbre coating thicknesses and coating
thermal conductivities. They showed for the ﬁbre used in the power ampli-
ﬁer stage that doubling the present heat extraction coefﬁcient, calculated to be
110Wm 2K 1, would double the tolerable heat deposition density. The coat-
ing damage limit can be further increased once the heat extraction coefﬁcient is
>600Wm 2K 1, by changing the coating material to one with a higher thermal
conductivity and by reducing the coating thickness. Below this heat transfer
coefﬁcient, the gain from these changes is minimal compared to improving the
heat transfer coefﬁcient itself. Obviously another way to improve the damage
limit is to change the coating to one with a higher damage threshold.
On a more general point, to improve the power scaling for any high power
ampliﬁer operating in the 2m region requires increased commercial availabil-
ity of high power handling optical isolators for this region. At present, those
available are limited to damage thresholds of 200W/cm2. This ultimately
limits the maximum seed power available for the last power ampliﬁer stage
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and thus the maximum extraction efﬁciency. Furthermore, most ampliﬁer ap-
plications require an isolated output to prevent damage to the ampliﬁer via
feedback. Therefore, the limited damage thresholds of currently available 2m
isolators further limit the output power from 2m ampliﬁers, unless feedback
to the ampliﬁer is controlled so that an isolator is not required.
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Cryogenically cooled hybrid laser
system
5.1 Introduction
One of the limits for power scaling of solid state laser systems is determined
by the onset of thermal effects, such as thermal lensing and thermally induced
birefringence, that can lead to beam quality degradation, depolarisation losses
(in the case of cavities with polarising elements, although this is not a problem
for birefringent materials), and eventual crystal damage. These effects were
discussed in Chapter 2. There, it is shown that the strength of these thermal
effects is dependent on the thermal load inside the material, and the material’s
thermo-optic properties, i.e. dn=dT, thermal conductivity and the thermal ex-
pansion coefﬁcient. Therefore, any enhancement of these parameters to reduce
the thermal effects will positively impact further power scaling in the solid
state laser system.
It has been shown that the thermo-optic properties of a material are tempera-
ture dependent, for example [1–4]. Therefore, the approach discussed in this
chapter is based on operating solid-state lasers at cryogenic temperatures to
favourably scale the thermo-optic properties of the material and to thus reduce
the impact of thermal effects. However, the scaling of the thermo-optic proper-
tieswithtemperatureisverymaterialdependent, andtherefore, asthischapter
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is concerned predominately with Holmium doped YAG, only the thermo-optic
properties of YAG will be considered. The dependence of dn=dT, the thermal
conductivity and thermal expansion coefﬁcient with temperature in YAG is
shown in Figure 5.1. It shows that a temperature change from 300K to 100K
results in a 12.5 times reduction in dn=dT and a 4.7 times reduction in the ther-
mal expansion coefﬁcient. Similarly, the thermal conductivity increases by 6.7
times from 300K to 100K. The increase in thermal conductivity allows for rapid
dissipation of any heat generated, reducing the thermal gradient, which com-
bined with the reduction in dn=dT and the expansion coefﬁcient will lead to a
reduction in the thermal lens strength and induced stresses. This reduction is
highlighted by the example where the beam quality degradation and depolar-
isation loss are considered for 100W of dissipated heat in YAG at room tem-
perature and liquid nitrogen temperature (LN2). The single pass beam quality
degradation for a Gaussian pump beam in a cylindrical rod, as discussed in
Chapter 2, is given by [5]
M
2
f =
q
(M2
i )2 + (M2
q)2 (5.1)
where M2
f and M2
i are the ﬁnal and initial beam propagation factors and the
degradation to the beam propagation factor M2
q is given by [6]
M
2
q =
dn
dT
2PhT
k
p
2

wl
wp
4
(5.2)
where PhT is the total power dissipated as heat,  is the signal wavelength and
wl;p are the laser signal and pump beam radii. At room temperature (300K),
using dn=dT = 7:65  10 6K 1 [1], k = 11:2Wm 1K 1 [1], and assuming for
simplicity that wl = wp, =2.1m and M2
i = 1, the ﬁnal beam propagation
factorisM2
f = 46. However, atLN2 temperature(77K)dn=dT = 0:6510 6K 1
[1], k = 75:3Wm 1K 1 [1], the ﬁnal beam propagation factor is M2
f = 1:16.
This is a factor of 50 smaller than the result for room temperature and shows
a considerable improvement in beam quality from a highly degraded output
at 300K to near diffraction limited performance at 77K. Although Clarkson
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[6] suggests that in a resonator the degradation will be less severe than the
above predicts, this still serves as a reasonable approximation to the scale of
the reduction in the beam propagation factor achievable due to reducing the
crystal temperature to LN2 temperature.
Figure 5.1: Summary of the dependence of the thermo-optic prop-
erties affecting thermal lensing and stress induced birefringence as
a function of temperature in YAG [1].
Similarly, the improvement in the de-polarisation loss can also be calculated
when assuming that the rod is uniformly pumped by a ’top-hat’ beam proﬁle
with a beam radius wp and that the Gaussian laser signal with a 1=e2 beam
radius of wl is less than the pump beam radius (wl < wp), the round-trip de-
polarisation loss is given by [7]
Ld =
1
4
2
6 6
41  
sin

2CTPhT

wl
wp
2
2CTPhT

wl
wp
2
3
7 7
5 (5.3)
where PhT =
R z
0 Ph(z)dz = Pp(0)(1   exp( pz))h, and CT =
2n2
0CB
k
where CB deﬁned by Koecher [8] is a function of the material’s elasto-
optical coefﬁcients. Using wl=wp = 1, (T=300K)=6.1810 6Wm 1K 1 [1],
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(T=77K)=1.310 6K 1 [1], n0 = 1.833, and CB = -0.0099 (for Nd:YAG) [8], the
de-polarisation loss is Ld(T = 300K) =27.5% and Ld(T = 77K) =0.05%. This
shows that reducing the YAG crystal temperature has signiﬁcantly reduced the
de-polarisation loss. Therefore, combining this with the reduced beam quality
degradation with temperatures means that at low temperatures the YAG crys-
tal can be pumped to much higher powers before the heat generated will cause
the thermal effects to limit the performance. Therefore, the output power from
these cold lasers can be scaled to much higher powers before thermal effects
limit the performance, when compared to a room temperature crystal in the
same laser conﬁguration.
In addition to the temperature dependence of the thermo-optic properties, re-
ducing the thermal load itself will signiﬁcantly reduce the impact of thermal
effects. As such, to reach the same thermal limits would require much higher
pump powers and thus due to the higher pump power will result in an in-
creased output power. In conjunction with cryogenic cooling, the approach
used in this chapter was to operate a Ho:YAG laser in a low quantum defect
mode of operation by in-band pumping the 5I8 !5I7 transition in holmium at
1932nm with a high power ﬁbre laser. The beneﬁt of this, over diode pumping
at 790nm, is that the quantum defect (qd = 1 P=L) is signiﬁcantly reduced.
With the Ho:YAG pumped at 1932nm, the quantum defect for laser emission
at 2.1m is qd 8%, compared to qd 62% for diode pumping. This means
that by in-band pumping, the thermal load due to quantum defect heating is
reduced by a factor of 7, suggesting that the pump power can be increased
by the same factor before thermal effects being to limit the laser performance.
However, operating in a lower quantum defect regime is not without compli-
cations as it also impacts the laser threshold and slope efﬁciency, and therefore
the overall laser performance.
To consider the impact of the quantum defect on laser performance, the slope
efﬁciency and absorbed threshold pump power, given by equations (2.1) and
(2.3) in Chapter 2, must be considered. The slope efﬁciency is directly pro-
portional to 1   qd, suggesting that a low quantum defect will yield a higher
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slope efﬁciency. However, the slope efﬁciency is also proportional to the pump
absorption efﬁciency, which can be signiﬁcantly reduced when operating in a
low quantum defect state, due to ground state bleaching. This reduction in
the absorption efﬁciency for low quantum defects also causes the threshold to
increase due to Pthres / 1=abs. As a result, the overall laser performance for
a given pump power can be reduced for lower quantum defect operation, but
ultimately there is a balance required between the beneﬁts of low quantum de-
fect operation and the reduction in performance due to a reduced absorption
efﬁciency. Furthermore, as the threshold is also dependent on the signal emis-
sion and absorption cross-sections, their contribution must also be accounted
for as the separation in pump and signal wavelength is changed.
In addition to the enhancement of the thermo-optic properties in YAG with
decreased temperature, there are also beneﬁcial changes to the energy level
populations governed by the Boltzmann distribution. This can be seen from
the thermal occupancy of each energy level given by
fi =
exp( "i=kBT)
i exp( "i=kBT)
(5.4)
where "i is the energy of the ith level above the lowest energy in the Stark
manifold. The occupancy of the 5I8 and 5I7 manifolds in Ho:YAG at 300K and
77K can be seen in Figure 5.2. It can be seen that at room temperature (300K),
the laser transition is 3 level. However, at 77K the occupancy of the 5I7 level
changes, so that 75% of the inversion results in excitation of only the lowest 4
levels of the manifold. Additionally, at 77K, the energy levels between 400-
600cm 1 each contain <0.01% of the total population of the 5I8 manifold. As
the emission and absorption cross sections are directly proportional to the oc-
cupancy of the initial energy level, such that a / fi(5I8) and e / fi(5I7),
the small population in termination level at 2097nm means that the signal re-
absorption at 77K will be very small, and that the laser operates in a quasi
4-level regime. The impact of this is that the threshold condition will be re-
duced at 77K, compared to 300K.
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Figure 5.2: Showing the Energy levels for the 5I8 and 5I7 mani-
folds (left) in Ho:YAG with the 1932nm and 2097nm transitions of
interest labelled (energy levels taken from Walsh et al’s paper [9]
for Ho:YAG at 8K). Additionally, the thermal occupancy of each
level at room temperature (300K) and liquid nitrogen temperature
(77K) are plotted (right) for both manifolds. This highlights that
for pumping at 1932nm with laser oscillation at 2097nm, the laser
moves from a 3-level system at 300K to a quasi-4 level one at 77K,
which will reduce the threshold and increase slope efﬁciency, and
thus improve the overall laser performance.
141Chapter 5 Cryogenically cooled hybrid laser system
Another advantage to laser operation at cryogenic temperatures is that the
thermal occupancies at this temperature allow for efﬁcient operation in a very
low quantum defect state (2%), by pumping at 1932nm with emission at
1970nm. This very low quantum defect operation is not achievable at room
temperature due to an impractically high threshold, so is only possible due to
cryogenic cooling. The potential of this very low quantum defect laser opera-
tion is discussed in Section 5.4.4, based on the work of Dr Ji Won Kim.
Although reducing the crystal temperature has the beneﬁts outlined above, it
does also cause some less desirable properties. The most signiﬁcant to achiev-
ing efﬁcient lasing are the temperature dependent changes in the absorption
linewidths and positions with temperature, for example [10–12]. When re-
viewing the absorption spectra for Ho:YAG from Walsh et al. [9], it suggests
that there are negligible changes in the absorption linewidths with temper-
ature. However, to enable efﬁcient absorption requires a good overlap be-
tween the pump and absorption linewidth. Therefore, to ascertain the actual
linewidthandpeakposition, adetailedspectroscopicmeasurementofHo:YAG
and Ho:YLF (as this was another commercially available laser material which
is frequently used for 2m laser operation) were conducted in both crystals for
the wavelength range of interest for in-band pumping. This data was then
used in the design of the ﬁbre laser pump source for an in-band pumped
Ho:YAG laser.
5.2 Temperature dependent spectroscopy Ho3+-
doped YAG and YLF
5.2.1 Introduction
Inthissection, workondeterminingtheabsorptionspectrainHolmiumdoped
YAG and YLF are discussed. The motivation for this is that although there
are signiﬁcant beneﬁts of reducing the crystal temperature, as discussed in the
chapter introduction, there are also the less desirable changes in the absorption
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spectrum. These temperature dependent changes result in a given transition’s
linewidth narrowing with reduced temperature, as well as a shift in the central
wavelength of a given absorption peak [10–13]. This is due to a reduction in
energy level broadening, and shifts in the energy levels within the upper and
lower manifolds. These changes become signiﬁcant when considering that the
pump absorption efﬁciency is dependent on the overlap between the pump
linewidth and the absorption peak linewidth. Therefore, in order to achieve
efﬁcient pump absorption, the pump linewidth needs to be equal to or less
than the linewidth of the absorption peak. For this to be achieved in practice,
the actual absorption linewidth at liquid nitrogen temperature was measured
so that the pump source could be designed such that the laser linewidth would
fulﬁl this requirement.
TheabsorptionspectruminHo-dopedYAGhasbeenpreviouslymeasuredasa
function of temperature by Walsh et al. [9]. However, the changes in linewidth
in their data do not support the theory presented in the literature (for example
[10–13]), whereby the linewidth should decrease with temperature, suggesting
that their measurements would have given a false impression of the required
pump laser linewidth.
Typically, absorption spectra are measured using a white light source and suit-
able spectrophotometer. However, the problem with this approach is that
white light sources have a low spectral intensity in the 2m region, which
means that high sensitivity detectors are required to avoid measurement er-
rors. A potential solution to this is to use a high power ampliﬁed spontaneous
emission source with a bandwidth in the absorption region of interest. Nat-
urally, this approach is not possible for many wavelengths due to the limits
imposed by the emission spectra of rare-earth doped ASE sources. However,
in the case of Holmium doped YAG and YLF, the absorption band for in-band
pumping between the 5I8 !5I7 Stark manifolds is in the range of 1850-1980nm.
This conveniently overlaps with the emission bandwidth of Tm doped silica
which emits in the range of 1800-2100nm, depending on the ﬁbre conﬁgura-
tion. Therefore, a Tm-doped ﬁbre ASE source was designed to coincide with
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Holmium absorption band, which was then measured as a function of the crys-
tal temperature in a purpose made cryostat and a spectrophotometer with a
resolution of 0.2nm.
5.2.2 Methodology
The method for determining the absorption spectrum of each crystal of inter-
est is the same as that using a white light source, whereby the signal intensity
as a function of wavelength is compared for radiation propagating through
air to that through the crystal with all other conditions the same. Using these
wavelength dependent intensities, the absorption cross section, a(), was cal-
culated using
a() =
1
Nl
ln

Tb()
Ts()

(5.5)
where N is the doping concentration, l is the crystal length, and Tb;s() is the
transmitted spectrum as a function of wavelength for the background and
sample, respectively.
To measure the temperature dependent absorption spectra, the crystal was
housed in a specially designed dewar cryostat for operation at liquid nitro-
gen temperature. The cryostat was designed to be able to dissipate >100W of
heat through the interface between the crystal mount and the LN2 dewar. The
dewar can hold 10L of LN2 which would enable several hours of operation
at these power levels, or signiﬁcantly more for a reduced thermal loading. The
dewar and crystal housing were thermally isolated using super-insulation and
a high vacuum, which was provided by a turbo-molecular vacuum pump. The
crystal was optically accessed via two 25.4mm diameter, 6mm thick Calcium
Fluoride (CaF2) windows that were AR coated from 1.8-2.2m. The crystal
housing itself consisted of a copper heat sink, which was attached directly to
the base of the LN2 dewar, with a suitable recess for holding a 5mm diame-
ter rod, which could be up to 60mm long. The crystal was ﬁxed in position
with a spring loaded stress-relieved copper clamp. The crystal was wrapped
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in 125m thick Indium foil to facilitate a good thermal contact between the
rod and heat sink when ﬁxed in position. The temperature of the crystal was
monitored using 2 K-type thermo-couples, which were attached to the top and
bottom half of the heat sink. For taking the temperature dependent absorption
measurements, the crystal temperaturewas controlled by pouring LN2 into the
dewar and allowing the crystal temperature to stabilise. With this approach,
the crystal temperature had a variation during the absorption measurement of
less than 5K due to the crystal reaching thermal equilibrium between the heat
generated in the crystal and the LN2 dewar temperature.
5.2.3 ASE probe source
5.2.3.1 Experimental set-up
The ASE source used in these spectroscopy experiments consisted of a Tm3+-
doped ﬁbre, which was made in-house using the standard modiﬁed chemical
vapour deposition and solution doping technique. The ﬁbre produced had a
20m diameter aluminosilicate core doped with approximately 1.2% Tm2O3
and 2.8% Al2O3 with an NA of 0.12. The cladding was formed from pure silica
with a 200m diameter (maximum) double D-shaped inner cladding to aid
pump absorption, whereby the circular ﬁbre has two segments removed as
shown in Figure 5.3.
200ìm
Figure 5.3: Cross-section of the double D-shaped ﬁbre used for the
ASE source
The ﬁbre end facets were perpendicularly cleaved on the pump input side,
145Chapter 5 Cryogenically cooled hybrid laser system
providing a reﬂectivity of 3.5%, and the other ﬁbre facet was angle polished,
as shown in Figure 5.4. The angled facet was polished to 12 to suppress
parasitic lasing, whilst also ensuring predominately single-ended operation,
as discussed in Chapter 3.
Tm-doped Fibre
20µm core
200µm cladding
Beam Shaped 
Diode Bars @ 
790nm
f=25mm
AR@790nm
45° Mirror 
HR @ 790nm
AR @ 1.6-2.1ìm
Backward 
Output
Transmitted 
Pump
HR @ 1.6-2.1 m
HT @ 790nm
ì
Forward 
Output
Figure 5.4: Schematic of the ASE ﬁbre setup
This ﬁbre was cladding-pumped by a diode-bar operating at 790nm. The
diode-bar was collimated in the fast and slow axis, and a two-mirror beam
shaper was used to equalise the beam quality in both directions, such that the
output had a ﬁnal beam propagation factor of M2 < 70 in orthogonal direc-
tions with 30.5W of power. The pump launch efﬁciency into the perpendicular
facet was estimated to be 87%. The absorption in this cladding pumped conﬁg-
uration was measured via the cut-back technique to be 4.4dB/m, so a 3m de-
vice length of ﬁbre was used for efﬁcient pump absorption, whilst minimising
signal reabsorption losses at the output end of the ﬁbre. Both end facets were
mounted in V-groove heat sinks and the rest of the ﬁbre was loosely coiled and
fan-cooled to aid heat extraction from the ﬁbre.
5.2.3.2 Performance
As can be seen in Figure 5.5, the maximum output power obtained was 3.8W
for a launched pump power of 27W, with a slope efﬁciency for the forward
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direction of 27% for launched pump powers over 16W. The total output power
slope is 28%.
Figure 5.5: ASE output power as a function of launched pump
power from both end facets of the tm doped ﬁbre
The ASE output beam propagation factor was measured to be M2 < 3. For
the same ﬁbre, Clarkson et al. [14] measured a laser beam propagation factor
of M2 < 1:3. This discrepancy is reasonable given that the ASE excites higher
order modes, which in a laser conﬁguration do not see gain.
The output ASE spectrum was measured as a function of launched pump
power using a DongWoo Monochromator Model DM500i, as shown in Fig-
ure 5.6. This shows that the spectral bandwidth of 50nm FWHM (and 120nm
full bandwidth) is unchanged as a function of pump power. Furthermore,
the emission wavelength range coincides with the absorption bands of both
Holmium doped YAG and YLF as required.
The ﬁne structure in the ASE spectrum, that can be seen in Figure 5.6, is pre-
dominantly caused by water absorption in the air. Additionally, the sharp
peaks for the highest pump power suggested that the laser threshold had
been reached. However, for the spectroscopic measurements, the ASE source
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Figure 5.6: ASE output spectrum as a function of the output power
will be operated at a lower power level and so it will be well below the laser
threshold. The ﬁne structure due to water absorption can be clearly seen when
the ASE spectrum is compared to water vapour absorption from the HITRAN
database [15], as shown in Figure 5.7.
The presence of the water absorption structure in the ASE signal is not ideal,
but by itself will make little impact on the crystal absorption measurements.
However, ﬂuctuations in the ASE output intensity and detector noise will be
signiﬁcant for wavelengths where the signal intensity is low, such as, at strong
water absorption wavelengths and the edges of the ASE spectrum. To observe
the impact of this background noise, back to back ASE output spectrum scans
at various points in a day were taken. Comparing the individual measure-
ments showed that the maximum percentage difference in signal intensity, as a
function of the wavelength from the mean, was <5% for wavelengths between
1870-1990nm. Outside this region, the error rises up to 10% at the edges of
the spectrum as suggested, due to the small signal intensity when compared
to the background noise.
The water absorption structure in the ASE did have the beneﬁt that it en-
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Figure 5.7: Showing the overlap between the atmospheric water
transmission per unit length [15] and the normalised ASE inten-
sity spectrum. This shows that the structure observed in the ASE is
predominately caused by water vapour in the air along a 2m path
length between the ﬁbre output and the detector in the monochro-
mator.
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abled the practical resolution of the monochromator to be deﬁned. This was
achieved by using the known water absorption peak separations from the HI-
TRAN data [15] and comparing it to the smallest resolvable separations in ﬁne
structure of ASE spectrum. This was measured to be 0.2nm, which is in keep-
ing with the quoted resolution from the manufacturer.
5.2.4 The absorption spectrum for Ho3+:YAG as a function of
temperature
FormeasuringthesmallsignalabsorptionspectruminHo:YAG,theASEprobe
was operated at 1W of output corresponding to a spectral power density of
10mW/nm. Using the method previously outlined, the absorption cross-
section was measured over the entire ASE bandwidth (1860nm-1980nm). The
crystalusedforthesemeasurementswasa5mmdiameterby30mmlong0.5at%
Ho:YAG crystal. Figures 5.8 and 5.9 show the absorption cross-section as a
function of temperature in the two regions of interest for in-band pumping
(i.e. 1900-1915nm and 1928-1932nm). Additionally, in Figure 5.10, the full-
scale measurement is given at room temperature and LN2 temperature.
As can be seen in Figures 5.8 - 5.10, as the crystal temperature is decreased,
the absorption structure begins to narrow. As the the temperature is decreased
below 180K, strong absorption transitions between the 5I8 !5I7 begin to be-
come resolveable. However, due to the close overlap in energy between the
individual transitions, it is not possible to distinguish individual transitions
themselves as the energy difference between them is much smaller than the
resolution limit of the monochromator. However, as previously discussed, this
information is not important here as the main interest is the overall absorption
bandwidth for a given wavelength. In the literature, this absorption struc-
ture has not been shown [9]. The difference in the spectroscopy compared to
the published data is shown in Figure 5.11, showing that our measurements
have narrower absorption transitions with higher peak cross-sections, com-
pared to the published data. This is highlighted in the regions of interest for
in-band pumping (i.e. 1900-1915nm and 1928-1932nm) where the published
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Figure 5.8: Graphs showing the temperature dependent absorption
cross-sections for Ho3+:YAG for the wavelength range of 1902  
1916nm.
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Figure 5.9: Graphs showing the temperature dependent absorption
cross-sections for Ho3+:YAG for the wavelength range of 1926  
1934nm.
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data shows a much broader absorption bandwidth (5nm for 1900-1910nm
and 1.2nm for the 1928nm and 1932nm peaks), whereas our data shows there
to be multiple narrow absorption peaks within each region, with individual
bandwidths (FWHM) of <0.6nm each and peak absorption cross-section twice
that of the published data. The signiﬁcance of this higher resolution is that for
efﬁcient absorption, a pump source will need a linewidth narrower than these
peaks, suggesting that the published literature gives a false impression that a
broader pump linewidth will sufﬁce.
5.2.5 The absorption spectrum for Ho3+:YLF as a function of
temperature
Another laser crystal of interest for use in a cyrogenic laser is Ho:YLF. In prepa-
ration for designing a pump source for Ho:YLF, its absorption spectrum was
also measured at cryogenic temperatures. For these spectroscopic measure-
ments, a 5mm diameter by 15mm long 1.5at% Ho:YLF crystal was used. Be-
cause the crystal is uniaxial, the absorption in the two orthogonal axes were
measured independently. This was achieved by using a Glan-Taylor polariser
before the sample, and matching the linearly-polarised transmitted light to the
axes of interest inside the crystal. The temperature dependence on the absorp-
tion spectrum in both axis for wavelengths of interest for in-band pumping
can be seen in Figures 5.12 and5.13. Similar to the case of Ho:YAG, the ﬁg-
ures show that as the temperature is reduced, the absorption structure begins
to narrow with more deﬁned absorption structure shown. As was the case in
Ho:YAG, the peaks observed do not correspond to individual transitions due
to the close spacing of the energy levels in Holmium. However, in Ho:YLF,
the narrowing of the absorption peaks is not as pronounced as was the case
for Ho:YAG, with the minimium absorption linewidth of 0.8nm (FWHM)
and with a minimum bandwidth of >1nm in the 1930-1940nm region of inter-
est for in-band pumping. This will relax the tolerances on any pump source
linewidth for laser operation using this material.
For completeness, the full scale absorption coefﬁcient for both polarisations is
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Figure 5.12: Graphs showing the temperature dependent absorp-
tion coefﬁcient in the s-polarisation for Ho3+:YLF with Lorentzian
curve ﬁtting.
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Figure 5.13: Graphs showing the temperature dependent absorp-
tion coefﬁcient in the p-polarisation for Ho3+:YLF with Lorentzian
curve ﬁtting.
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shown in Figure 5.14. The ﬁgure highlights the increased absorption, as well
as the narrowing of individual transitions at LN2 temperatures.
From past experiments with this crystal, it was suspected that it is a co-doped
crystal with Tm3+ ions. This is not ideal for measuring the absorption cross-
section due to Holmium in YLF. However, considering the energy levels for
Tm:YLF [16], shown in Figure 5.15, it can be seen from the thermal occupancies
in each manifold, that as the temperature is reduced, the changes in thermal
occupancy with temperature leads to the absorption cross-section for wave-
lengths longer than 1880nm becoming effectively zero at LN2 temperatures,
due to a thermal occupancy in the transition termination level and a low ther-
mal occupancy in the initial energy level. Therefore, measurement of the ab-
sorption cross-sections at LN2 temperature will be due solely to the Holmium
ions in the YLF crystal.
5.2.6 Conclusions
In this section, a simple approach for measuring high resolution absorption
spectra was applied. Using an ASE source and a monochromator with a res-
olution of 0.2nm, detailed absorption spectra for Ho:YAG and Ho:YLF were
taken. These showed that as the crystal temperature is decreased, individual
transitions start to become resolved due to the transition linewidth’s narrow-
ing, as was predicted by the published theory [10–13]. This result shows much
ﬁner absorption structure than has been previously published [9], due to a
higher resolution monochromator being used.
The limitation to this measurement approach is the requirement for the ab-
sorption band of interest to fall within the emission bandwidth of a rare-earth
doped silica ﬁbre. Therefore, this approach is severely limited due to the lim-
ited overlap of other rare-earth ions emission and absorption spectra.
After reviewing the measured absorption spectrum in Ho:YAG, it was decided
that for in-band pumping, the 1932nm peak would be ideal due to it being the
longest wavelength that still had a reasonably high cross-section. This, in turn,
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Figure 5.15: Showing the energy levels for the 3H6 and 3F4 man-
ifolds (left) in Tm:YLF with the 1880nm and 1920nm transitions
labelled (energy levels taken from Jenssen et al’s paper [16] for
Tm:YLF). Additionally, the thermal occupancy of each level at room
temperature (300K) and liquid nitrogen temperature (77K) are
plotted (right) for both manifolds. This highlights that absorp-
tion cross-section for wavelengths longer than 1880nm is reduced
to negligible levels at liquid nitrogen temperature due to the low
thermal occupancy for energies above 300cm 1 in the 3H6 manifold
and a high thermal occupancy in the transition termination level in
the 3F4 manifold.
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is important as this will allow low quantum defect modes of operation, whilst
still maintaining a high absorption efﬁciency, without the need for particu-
larly long crystals, as would be the case if a longer pump wavelength were
used. This is important as low quantum defect operation will reduce the heat
deposited into the crystal for a given incident pump power. Furthermore, op-
erating in a low quantum defect will increase the slope efﬁciency, but will also
increase the threshold. Therefore, by carefully selecting the quantum defect,
the threshold and slope can be optimised to give much higher output for a
given pump power than is possible for a larger quantum defect mode of oper-
ation.
The linewidth of the peak at 1932nm was measured to be 0.4nm. This is im-
portant as the pump source will require an output linewidth less than this to
obtainefﬁcientabsorption. Thishighlightstheimportanceofmoredetailedab-
sorption measurements as the literature suggests that a much larger linewidth
would sufﬁce with the impact of a reduced pump absorption efﬁciency, which
would have reduced the Ho:YAG laser performance.
5.3 Line-narrowed Tm-doped silica ﬁbre laser
5.3.1 Introduction
After analysing the spectrum of Ho:YAG at liquid nitrogen temperatures, it
became apparent that to efﬁciently pump the 5I8 !5I7 transition at 1932nm
would require a laser source with a linewidth of less than 0.4nm, in order to
obtain a high absorption efﬁciency. As was brieﬂy discussed in the chapter
introduction, the approach for pumping the Ho:YAG at 1932nm was to use a
diode pumped thulium doped ﬁbre laser in a cladding pumped conﬁguration.
The main motivation in using a ﬁbre system, as opposed to a solid state one, is
that the ﬁbre’s inherent high surface area to volume ratio makes thermal man-
agement signiﬁcantly easier, which when scaling the output powers, can fast
become a limiting factor for solid state laser systems, as discussed in Chap-
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ter 2. Additionally, the doped region being conﬁned to the wave-guiding core
means that the output beam propagation factor can be selected by controlling
the core NA during fabrication. This is ideal, as a good pump beam quality
facilitates a better overlap between the pump and the fundamental laser mode
and therefore will reduce the gain for higher order modes.
It is important for the pump source to have wavelength tuning around 1932nm
sothattheemissionwavelengthcanbeadjustedtooverlapwiththeabsorption
peak in the Ho:YAG. There are several options for achieving this, including:
using a Volume Bragg Grating (VBG) (for wavelength selection) with an etalon
to control the linewidth, or using a MOPA conﬁguration consisting of a narrow
linewidth (potentially single frequency) master oscillator, or alternatively, a
bulk replica diffraction grating feedback cavity. The bulk replica diffraction
grating was used here as this offered the simpliest approach and still provided
the narrow linewidth feedback required for efﬁcient pump absorption in the
Ho:YAG.
5.3.2 Impact of a diffraction grating on laser linewidth
In order for the desired linewidth to be obtained, the impact of the diffraction
grating on the feedback linewidth needs to be calculated. Starting from the
fundamental grating equation [17]
sin + sin = kn (5.6)
where n is the number of lines per metre, and k is the diffraction order, and 
and  are the angles of incidence and diffraction from the grating normal (in
degrees). By deﬁning the resolving power of the grating as [18]
R =
M2
d
(5.7)
for a beam propagation factor M2 at the central wavelength  and with a dif-
ference in wavelength between two spectral lines of equal intensity d. In this
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case the two peaks are deemed resolved if they follow the Rayleigh Criteria. It
can be shown that the resolving power can be deﬁned as [18]:
R =
M2
d
= knWg (5.8)
for a beam size on the grating of Wg.
In the Littrow conﬁguration, the grating is blazed at a wavelength b. In this
conﬁguration, the incident angle for b is equal to the diffracted angle (! =
 = ), so the diffracted beam is retro-reﬂected along the incident beam path.
In this case, equation (5.6) simpliﬁes to
2sin! = knb (5.9)
From Figure 5.16, it can be seen that the beam width, Wg on the grating can be
calculated as Wg = D=cos!, where D = 2f tan and f is the focal length of the
collimating lens and  is the far ﬁeld divergence angle, which can be approxi-
mated to the NA of the ﬁbre core. Using the small angle approximation, such
that tan  , gives:
D
è ꇖ  NA
Wg
ù
Lens Focal length = f
Figure 5.16: Schematic representation of a feedback cavity in Lit-
trow conﬁguration, consisting of a collimating lens focal length f
and a diffraction grating.
Wg =
2f
cos!
(5.10)
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By applying the trigonometric relation sin2 ! + cos2 ! = 1 and substituting for
sin!  ! into equation (5.9) gives:
Wg 
2f
q
1  
 
kn
2
2
(5.11)
Therefore, substituting equation (5.11) into equation (5.8), gives the linewidth
of a tunable laser in a Littrow conﬁguration:
d 
M2
2fnk
 
1  

kn
2
2! 1
2
(5.12)
5.3.3 Set-up
The experimental setup used for the line narrowed thulium doped ﬁbre laser
can be seen in Figure 5.17. The ﬁbre used was a commercially available po-
larisation maintaining (PM) ﬁbre from Nufern (PLMA-TDF-25F/400), with a
core diameter of 25m with a 0.1 NA and inner cladding diameter of 400m,
as used in the ﬁnal stage ampliﬁer in Chapter 4.
The pump power for this ﬁbre was provided by the same spatially combined
diode stacks as used in Chapter 4 for the ﬁnal stage ampliﬁer. Therefore, the
launch into the cladding of the ﬁbre was the same, measured to be 80% into
both facets. This was estimated by measuring the transmitted power through
an un-doped PM ﬁbre with the same dimensions as the doped ﬁbre. For
measuring the launch efﬁciency into the angle facet the un-doped ﬁbre was
polished to the same angle as used in the doped ﬁbre of 12. The absorp-
tion coefﬁcient in this cladding pumped conﬁguration was measured using
a cut-back technique to be 4.5dB/m, so a device length of 3.5m was used.
This length was selected to provide efﬁcient pump absorption (>97% of the
launched pump light) whilst also favouring emission at shorter wavelengths
by reducing the signal reabsorption path length in the ﬁbre. Both ends of the
ﬁbre were mounted in water-cooled V-groove heat sinks to aid heat extrac-
164Chapter 5 Cryogenically cooled hybrid laser system
Diffraction Grating
600 lines/mm
f = 30mm
BBAR @ ~1µm
Beam Shaped Diode 
Stacks @ 795nm
Tuneable Output
3.5m PM Tm Fibre
25µm core
400µm cladding f  = 100mm eff
AR @ 1.8-2.1µm
Figure 5.17: Experimental Setup for Tm-doped silica ﬁbre laser.
tion. Furthermore, the remaining unmounted central portion of the ﬁbre was
fan-cooled to aid heat removal in the ﬁbre.
The ﬁbre laser cavity was formed by a 3.5% Fresnel reﬂection from a per-
pendicularly cleaved end facet and an external feedback cavity with a replica
diffraction grating in the Littrow conﬁguration. The ﬁbre end facet adjacent to
the external feedback cavity was angle polished to approximately 12 to sup-
press parasitic lasing from the facet. The beam in the external cavity was col-
limated using a lens combination consisting of a pair of f=200mm CaF2 plano-
convex lenses, mounted in close proximity to give an effective focal length of
100mm. Thereplicagratingusedhad600lines/mmandwasblazedata1:9m,
with a measured reﬂectivity of 90% (polarised perpendicular to the grooves)
and 70% (polarised parallel to the grooves) at 2m. To increase the grating
damage threshold due to inefﬁcient reﬂection of the incident light, the grating
was mounted on a copper heat-sink. For feedback at 1932nm, the grating was
angled to approximately 35.4 relative to the incident beam direction. With
this arrangement, the laser linewidth at 1932nm was calculated to be 0.25nm
using equation (5.12) and assuming a beam propagation factor of M2=2 based
on the ﬁbres V-value of 4.06.
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5.3.4 Results and analysis
Figure 5.18 shows the output power as a function of launched pump power for
this system. The pump power was limited to these power levels to limit the
chance of coating damage, as was experienced in the power ampliﬁer stage
in Chapter 4, which would delay progress. As can be seen from Figure 5.18,
a slope efﬁciency of 52% was achieved with an output power of 50W for a
launched pump power of 114W. This is reasonable as it is only slightly less
than the slope achieved for the power ampliﬁer stage in Chapter 4. Assuming
the maximum slope efﬁciency is 59% (as achieved in the ampliﬁer) and that
there are negligible ﬁbre losses for the signal, the pumping quantum efﬁciency
can be estimated as being q = 1:51. Using this value, and f = 360s [19],
e( = 1932nm) = 4:610 25m2 [20]anda( = 1932nm) = 0:0810 25m2 [21],
the threshold pump power can be estimated to be Pthres = 0:9W. This is much
lower than the extrapolated value of 15W from Figure 5.18. This is reason-
ablegivenhowthecompetitionbetweenstimulatedandspontaneousemission
changes as the pump power is increased beyond threshold. At threshold, the
emission is predominately spontaneous, but as the pump power is increased,
stimulated emission increases. For signal intensities greater than the signal sat-
uration intensity, the stimulated emission dominates over spontaneous emis-
sion and the true slope efﬁciency is realised. Therefore, extrapolating to deter-
mine the threshold using the linear part of the slope will always give a much
higher threshold than actually present.
The output beam propagation factor obtained for this ﬁbre was measured to be
M2 < 1:6. This is better than the expected beam propagation factor estimated
from the ﬁbre’s V-value of 4.06, which corresponds to an M2  2. This means
that the calculated laser linewidth should be less than 0.2nm.
Figure 5.19 shows that with this feedback conﬁguration, it is possible to oper-
ate the laser over a 190nm range between 1920-2110nm. The linewidth of the
source was not directly conﬁrmed, but was estimated to be  0:2nm as it could
not be resolved using the DongWoo Monochromator whose resolution limit is
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Figure 5.18: Output power at 1932nm as a function of launched
pump power.
Figure 5.19: Output Power as a function of tuning wavelength for a
launched pump power of 60W.
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0.2nm. This estimation supports the theoretical linewidth calculated using
equation (5.12) of 0.2nm.
The output from this source was slightly astigmatic due to the 45 mirror
placed between the ﬁbre and output collimating lens. This astigmatism can
pose a problem for certain applications, but can be fairly easily resolved by ei-
ther changing the pumping/collimating conﬁguration (which was not an op-
tion in our case due to the lack in the availability of suitable optics) or, as is the
case here, by optically correcting the astigmatism using an off axis spherical
mirror [22]. This is achieved by rotating the spherical lens in the vertical axis
so that the beam hits the mirror off axis, resulting in the horizontal focal length
decreasing and the vertical focal length increasing with an increased mirror
angle with respect to the input beam direction. Then by adjusting the angle of
the mirror, the focal position for each axis can be selected so that with a single
spherical lens the collimated beam is no longer astigmatic.
5.4 CryogenicallycooledHo3+:YAGlaseroscillators
5.4.1 Introduction
As was outlined in Section 5.1, operating a solid-state laser at cryogenic tem-
peratures has numerous beneﬁts. These beneﬁts increase the absorbed pump
power required for thermal and stress induced effects to limit the output per-
formance of the laser. As a result, cryogenic operation combined with a simple
cavity design allows the output power of a laser system to be scaled beyond
that achieveable at room temperature whilst maintaining an excellent output
beam quality. This approach has been demonstrated in Yb3+:YAG with a re-
ported laser with a slope efﬁciency of 64%, resulting in over 300W of output
power and an output beam propagation factor of 1.2 [23]. This section ex-
plores the potential for scaling the output powers of Ho:YAG via cryogenic
cooling. This takes two routes. The ﬁrst is for a free-running laser (i.e. with no
wavelength selective cavity components, such that lasing occurs at the wave-
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length with the highest gain) with a simple 2 mirror cavity, highlighting the en-
hancements in slope efﬁciency and threshold conditions by reducing the crys-
tal temperature from 300K to 77K. The second considers low quantum defect
operation of a Ho:YAG laser, which is only achieveable at LN2 temperature
due to the changes in the temperature dependent Boltzmann distribution of
the upper and lower laser manifolds, which results is a quasi 4-level mode of
operation. This work on the low quantum defect laser was conducted by Dr
Ji Won Kim and is only reviewed here to demonstrate this laser’s potential for
enhanced performance and further power scaling.
5.4.2 Cavity design
In this section, the design of laser resonators based on Gaussian beam optics
is considered. A laser resonator mode is determined from the propagating
radiation’s interaction with any intra-cavity optics, and the boundary condi-
tions established by the cavity mirrors. By considering the propagation of
a Gaussian beam and its interaction with the cavity elements, the supported
resonator modes can be predicted. The basic theory for these predictions are
summarised by Kogelnik et al. [24]. The basic theory uses the description of a
Gaussian beam given by the complex beam parameter q, such that q is related
to the two real beam parameters by
1
q
=
1
R
  j

w2 (5.13)
where w is the beam radius and R is the radius of curvature of the wave
front. Using the following standard ray transfer matrices for a thin lens of
focal length f, and free-space propagation over distance d through a medium
with a refractive index of nd, given by [24]
Mlens =
0
@ 1 0
 1
f 1
1
A;Mspace =
0
@ 1 d
nd
0 1
1
A; (5.14)
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the ABCD matrix for one cavity round trip can be calculated. By setting the
boundary conditions such that the initial complex beam parameter is the same
after one round trip, i.e.
0
@ A B
C D
1
A
cavity
0
@ wi
w0
i
1
A =
0
@ wi
w0
i
1
A; (5.15)
where the initial radius wi and initial slope w0
i = wi=Ri, it can be shown that
the complex parameter is given by
1
qi
=
D   A
2B
()j
p
4   (A + D)2
2B
(5.16)
Therefore from equation (5.13), the initial values for w and R are given by
wi
2 =

2B

p
4   (A + D)2
 1
(5.17)
and
Ri =
2B
D   A
: (5.18)
An optical cavity can be considered as a periodic sequence of elements, and as
such, it will be either stable or unstable. If the cavity is stable, the radiation
is periodically refocused and contained. However, for an unstable cavity, the
lightwillbecomemoredispersedwitheverysuccessiveroundtrip. Theimpact
of this is that an unstable cavity is very difﬁcult to achieve lasing due to these
dispersive losses. A cavity is deemed stable if it obeys
j(A + D)j < 2 (5.19)
5.4.3 Free-running laser operation at 2097nm
5.4.3.1 Set-up
Theseexperimentsusedthesame5mmdiameterby30mmlong0.5at%Ho:YAG
crystal used in the absorption measurements. The two mirror cavity used in
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these experiments can be seen in Figure 5.20. Due to the availability of suitably
coated optics, and to allow for greater ﬂexibility in selecting the output coupler
reﬂectivity, a cavity consisting of two plane mirrors and a suitably AR coated
lens was chosen. The two mirror cavity was folded using an additional input
coupler (IC) mirror to facilitate the removal of any unabsorbed pump light, en-
abling the absorption efﬁciency to be calculated. As can be seen in the ﬁgure, a
large part of the cavity design was dependent on the cryostat dimensions. For
a low threshold condition, it is beneﬁcial for the laser mode size to be small
over the crystal length, and this is achieved by designing the cavity such that
the crystal is within the Rayleigh range of the waist. Therefore, the IC mirror
should be in close proximity to the crystal. To further reduce the threshold,
the pump beam size should overlap with laser mode size. This has the added
beneﬁt that, as the pump power available is limited to low power, the small
pump beam size in the crystal will reduce the pump power required before
thermal effects begin to degrade the laser performance, therefore allowing the
enhancements due to cryogenic cooling to be more easily demonstrated. With
these requirements on the IC mirror and cryostat optics set, the only two ad-
justable parameters were the lens focal length and the spacings between the
lens and the cryostat window (d1) and the output coupler (OC) mirror (d2).
In order to keep the cavity length short and therefore more easy to align, the
lens was selected to have a focal length of 100mm. For this cavity, the ABCD
ray transfer matrix was calculated to enable the cavity stability condition to be
determined, and therefore establish the limits on the values of d1 and d2.
As can be seen in Figure 5.21, the values of d1 and d2 in order to have a stable
resonator are not particularly restrictive. Therefore, as previously discussed
for a low threshold, the mode size in the crystal needs to be small, which is
achieved by having the crystal within the Rayleigh range from the beam waist
on the IC mirror. Furthermore, to make alignment easier it is advantageous to
keep both lengths short, whilst maintaining a spacing that is practical in terms
of the space required between the optics and their mounting especially consid-
ering the folded cavity. To fulﬁl these requirements, d1 and d2 were selected to
be 40mm and 160mm respectively.
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Figure 5.20: Schematic for the 2 mirror Ho3+:YAG laser cavity used.
Figure 5.21: Stable cavity requirements for d1 and d2 where the
shaded region represents a stable cavity condition.
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To estimate the beam size inside the laser crystal, it was calculated using the
round trip cavity ray transfer matrix at each position inside the cavity and
inserting A,B,C and D into equation (5.17). The beam radius as a function of
position in the cavity is shown in Figure 5.22.
Figure 5.22: Showing the beam radius of the fundamental laser
mode, as a function of position in the cavity from the input cou-
pler mirror, where the hashed lines represent the end facets of the
Ho3+:YAG laser rod.
To observe the impact of thermal lensing, the beam radius inside the cavity
was re-calculated to account for thermal lensing in the laser rod. By assuming
the crystal is uniformly pumped and that the refractive index varies radially
from the axis, such that
n = n0  
1
2
r
2 (5.20)
then the ray transfer matrix for the laser rod is given by [24,25]
M =
0
@ cosb (
p
n0) 1 sinb
 
p
n0 sinb cosb
1
A (5.21)
where b = L
p
=n0 and  is given by
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 =
dn
dT
PhT
2r2
0Lk
(5.22)
where PhT is the total heat dissipated in the rod, r0 is the rod radius and L is
the rod length. Using this ray transfer matrix, the beam radius as a function of
position inside the laser cavity was calculated as shown in Figure 5.22. For this
calculation, the rod dimensions were r0=2.5mm and L=30mm, and the values
for the thermal properties of YAG at room temperature were taken as k=11.2
W/m.K and dn=dT=7.810 6K 1 [1]. The power dissipated as heat was calcu-
lated by assuming that the fraction of the absorbed pump power converted to
heat is given by the quantum defect (i.e. 1 
L
p), such that for the pump source
used PhT=10W. It can be seen from the ﬁgure that for both situations, the laser
mode size was <250m in the crystal, and that at the available pump power,
thermal lensing will not signiﬁcantly change the laser mode size.
The pump beam was aligned with the crystal axis using two beam steering
mirrors shown in Figure 5.23. One of these mirrors had an 10% transmission
at 1932nm to enable the incident pump power to be determined. In order to
obtain a good laser performance, the pump radius is required to be approx-
imately the same as the laser mode. The launched pump beam waist was
measured to be 210m, with a Rayleigh range of 60mm at 1932nm. This
implies that for the calculations in the next section, the pump beam size can be
assumed to be approximately constant over the crystal length.
5.4.3.2 Results and analysis
Initially, the Ho:YAG laser performance was characterised at room tempera-
ture in preparation for comparison with the expected performance enhance-
ment due to reduced crystal temperature. Using a 10% Transmitting output
coupler, thelaserproduced8.3Wofoutputfor29.8Wofabsorbedpumppower,
corresponding to a slope efﬁciency of 31%, as seen in Figure 5.24. The thresh-
old was measured to be 2.4W of absorbed pump power by observing the onset
of relaxation oscillations. The laser emitted at 2097nm with a beam propaga-
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Figure 5.23: A schematic of the pump launching arrangement for
the Ho:YAG laser cavity.
Figure 5.24: Output power as a function of absorbed pump power
at room temperature, for a 10% transmitting output coupler.
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tionfactorofM2 1.1. Thereasonforthepoorslopeefﬁciencyisthatthecavity
losses are much higher than expected. To establish the source of these unex-
pected losses, the ﬁbre laser pump source was tuned to 2.1m and used to
measurethetransmissionlossesthrougheachofthecavityoptics. Theﬁndings
were that the OC transmission was actually 8.2% and the losses from the IC
were negligible. However, the loss due to the cryostat’s windows and Ho:YAG
crystal were measured to be 8.5%. The crystal losses were measured at LN2
temperature so there would be no absorption losses. Inspecting the Ho:YAG
crystal’s end faces, it became apparent that the coating had become degraded.
It is therefore likely that the measured losses were due to scattering of the inci-
dent light from the coating surfaces. Considering these losses, the theoretical
laser slope efﬁciency (from equation (2.3)) was calculated to be 33% using
abs as 74% (measured as 81% but corrected for the scattering losses through
the crystal), and q=1. It stands to reason that if the cavity losses were reduced
to, for example a <0.1% reﬂection loss from each optical surface, such that the
total loss was <2%, the slope efﬁciency would be >55%. This is still lower
than some slope efﬁciencies quoted in the literature, due to the cavity losses
still being too high because of the large number of optical surfaces in the cav-
ity, combined with the fairly low absorption efﬁciency.
The absorbed threshold pump power for this laser conﬁguration was mea-
sured to be 2.4W. The theoretical value is calculated to be 0.95W (using wL
= 240m, wP = 210m, N = 0:69  1020cm 3, a = 0:174  10 20cm2 [9],
e = 1:14  10 20cm2 [9], f = 8ms). This difference between the measured
and predicted threshold suggests that the laser is performing as expected.
Due to the unavailability of other Ho:YAG rods, this crystal had to be used to
observe any enhancements in performance due to a reduction in the crystal
temperature. However, by accounting for the known background losses due
to the crystal surface, the results measured can still be used to estimate the
performance that would be observed in the case where the crystal coatings
were ideal and therefore the background losses were considerably reduced.
Of particular interest was the laser threshold and the output beam quality. The
176Chapter 5 Cryogenically cooled hybrid laser system
dependence on the threshold condition due to temperature is shown in Figure
5.25. It can be seen that there is a signiﬁcant decrease in the threshold with
decreased temperature, such that at 296K the threshold was 2.4W compared
to 0.2W at 87K. This is due to the laser moving from quasi-3-level to quasi-4-
level operation. Plotted in the ﬁgure is the population of the low laser level as
a function of temperature, calculated using the Boltzmann distribution
f =
exp( E
kbT)
P
i exp( 
Ei
kbT )
(5.23)
where E is the energy difference between the laser level and the lowest ly-
ing level within the Stark manifold, and Ei is the energy separation of the ith
level from the lowest energy level within the manifold. For the fractional pop-
ulation calculations, the energy levels used were given in Walsh et al [9], where
for the 2097nm transition, the energy difference is 534.7cm 1 from the ground
state. This shows that the population of the lower laser level decreases with a
decrease in the crystal temperature. This is signiﬁcant as the energy level pop-
ulation factor governs the effective absorption cross-section (where a / f)
such that the signal re-absorption is reduced with a decrease in temperature.
Given the deﬁnition of the absorbed threshold pump power in equation (2.1),
it can be seen that reducing the signal re-absorption will also reduce the laser
threshold condition. This reduction in the absorption cross section is shown
spectroscopically by Walsh et al., where for  >1980nm, the absorption cross-
section becomes effectively zero below 125K [9]. Also shown in Figure 5.25 is
theimpactofthepumpabsorptionefﬁciencyplottedas1=abs duetoitsinverse
relationship with threshold. The signiﬁcance of this is that the increase in the
absorption cross-section with reduced temperature means that it is easier to
reach a population inversion and thus the laser threshold. The increase in ab-
sorption is due to the beneﬁcial changes in the pump energy level populations
and the increase in the pump absorption cross-section, as shown in Figure 5.9.
The measurement of the beam propagation factor as a function of temperature
showed no discernable change with decreased crystal temperature. It was ex-
pected that due to a reduction in thermal lensing, caused by the improvements
in the thermo-optic properties with decreased temperature (as discussed in the
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Figure 5.25: Threshold dependence on Ho:YAG crystal temperature
for a 10% transmitting output coupler, with the population of the
lower laser level and 1/abs normalised to the threshold power at
room tempertaure.
introduction section), the beam quality would improve. However, the beam
propagation factor at room temperature was already M2 <1.1 and therefore
was not thermally degraded. For these experiments, the operation power lev-
els were low, suggesting that with an increased pump power the impact of
thermal degradation to the beam will be increased and then the beneﬁts of
cryogenically cooling will become more apparent.
In addition to measuring the beam propagation factor and threshold as a func-
tion of temperature, the output power for a ﬁxed incident pump power was
measured. Figure 5.26 shows that the output power increases as the crys-
tal temperature decreases due to the absorption efﬁciency increasing and the
threshold pump power decreasing.
Given that the slope efﬁciency is proportional to
T
p
1 L
T
p
1 L+L
p
1 T [26], it follows
that toachieve higher slopeefﬁciencies at cryogenictemperatures with thecur-
rent cavity losses, a higher output coupler would be required. The effect of the
output coupler on the output power is shown in Figure 5.27 for the three suit-
able output couplers available. The slope efﬁciency obtained for each output
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Figure 5.26: Output power as a function of temperature for 26.8W
of incident pump power with a 10% transmitting output coupler.
Figure 5.27: Showing the output power as a function of the ab-
sorbed pump power for different output coupler mirror transmis-
sions at LN2 Temperature.
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coupler was 52.3%, 58.6%, and 65.4% for an output coupler transmission of
8.2%, 20.9% and 41.3%, respectively. As was the case at room temperature, the
measured slope efﬁciency is very close to that predicted by the theory, such
that the theoretical slope efﬁciency is 68% for the 41.3% OC mirror, assuming
that abs=0.89 (corrected from the measured value of 97%). Furthermore, if the
crystal losses were reduced to <2% again, at these cryogenic temperatures the
slope efﬁciency should be >80%.
To further demonstrate the enhancement in the thermo-optic properties with
reduced temperature, the cavity was operated in a polarised conﬁguration.
From this, the depolarisation loss can be determined as a function of crystal
temperature. This was achieved by inserting a YAG plate at Brewster’s angle
(B = arctan(n2=n1), so in this case B  61) in between the focusing lens and
the 8.2%T OC mirror in the original cavity design shown in Figure 5.20. The
power reﬂected from the Brewster plate in the forward and backward beam
directions was monitored to determine the total loss. The depolarisation loss
was calculated as
Ldepol =
Pdepol
Pout
TOC + Pdepol
(5.24)
where TOC is the output coupler transmission, Pout is the laser output power,
and Pdepol is the total power lost from the Brewster plate. The de-polarisation
loss and output performance of the polarised cavity can be seen in Figure
5.28. It shows that above an absorbed pump power of around 15W, the output
power begins to roll-over due to increased de-polarisation losses. When the
measured value of the de-polarsiation is compared to other reported Ho:YAG
lasers, it shows that our value is an order of magnitude larger [27]. This sug-
gests that our crystal may have some residual stress caused by the mounting
arrangement.
Equation (5.3) used in the chapter introduction to calculate the de-polarisation
loss in a rod is only strictly valid for ’top-hat’ pump beam proﬁles. That is
not the case here as the pump beam has a Gaussian intensity beam proﬁle.
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(a) (b)
Figure 5.28: Showing (a) the output performance in a polarised
laser cavity conﬁguration, and (b) the de-polarisation loss as a func-
tion of absorbed pump power, for room temperature operation.
Assuming that wl=wp < 1, the de-polarisation loss for a Gaussian pump beam
can be approximated to [7]
Ld 
1
4
2
6
41  
1
CTPhT

wl
wp
2
3
7
5
 1
(5.25)
Using this equation, the de-polarisation loss for this cavity can be estimated.
At room temperature (300K), using the values for  = 6:14  10 6K 1 [1],
k = 8:6W=m:K (for 2at%Yb:YAG) [1], n0 = 1:833, CB =  0:0099 (for Nd:YAG)
[8], wl = 240m, wp = 210m and PhT = 22W, the de-polarisation loss is
approximately 15%. This is larger than our measured values due to the es-
timations for the values used in the calculations and that the approximation
that wl=wp < 1 is not valid, although this should not have a signiﬁcant im-
pact as Fluck et. al. [7] show that equation (5.25) still serves as a reasonable
approximation even for wl = wp. However, by using the values for 100K, the
reduction in the de-polarisation loss can be approximated. Using the same val-
ues for CB, n0, wl;p and PhT, and using the 100K values  = 1:9510 6K 1 [1],
k = 33:8W=m:K (for 2at%Yb:YAG) [1] gives an approximate depolarisation
loss of <0.25%. Therefore, it is reasonable to assume that the measured de-
polarisation losses will become negligible when the crystal temperature is re-
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duced. However, in practice at LN2 temperature, the depolarisation loss was
approximately the same over the measured absorbed powers. This suggested
that although the thermally induced de-polarisation losses are reduced, those
caused by mechanical stress have increased. This mechanical stress is caused
by the differential expansion and contraction coefﬁcients for the crystal and
crystal housing, with a result that the laser rod can be pinched by the mount,
inducing high levels of stress and thus birefringence.
For improved performance, and to measure the thermally induced depolar-
isation losses, this mechanical stress needs to be removed. The easiest way
to achieve this would be to change the crystal to a slab geometry which is
mounted on the two large faces, so that the induced stress has only one compo-
nent perpendicular to the mounted edge. Therefore, the mechanically induced
birefringent axis can be aligned with the polariser removing its impact on the
depolarisation losses.
5.4.4 Low quantum defect Ho3+:YAG laser
An additional beneﬁt to cryogenically cooled solid state lasers is that they al-
low for very low quantum defect operation. The beneﬁts of operating in the
low quantum defect regime are two-fold. Firstly, the slope efﬁciency is in-
creased for lower quantum defects, therefore enhancing laser performance.
Secondly, a low quantum defect means less pump power is converted to heat,
therefore reducing detrimental thermal effects in the laser. However, the small
separation in energy between the pump and signal photons and therefore the
small difference in the ground state populations means that for low quantum
defect operation, it is more difﬁcult to achieve a population inversion. There-
fore, as the quantum defect is reduced; the laser threshold is increased. As
such, very low quantum defect operation can be difﬁcult to achieve due to the
correspondingly high threshold condition. In practice, it is often desirable to
maximise the laser output efﬁciency, such that the quantum defect is selected
to balance the enhancements due to a low quantum defect with the lower laser
threshold for high quantum defects.
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Low quantum defect operation has been documented for Er:Sc2O3 where at
77K, the laser operated at 1558nm when pumped at 1535nm with a quantum
defect of 1.5% [28]. In this section, work conducted by Dr. Ji Won Kim will be
brieﬂy discussed to highlight the potential of low quantum defect operation in
cryogenically cooled Ho:YAG lasers.
5.4.4.1 Experimental procedure
The setup used in these experiments is shown in Figure 5.29. The ﬁbre laser
pump source used was the same as for the linear Ho:YAG laser cavity, with
the astigmatic output corrected using a curved mirror to achieve a better sig-
nal to pump overlap inside the Ho:YAG crystal. The alignment of the cavity
was conducted at LN2 temperature, with the non-collinear cavity operated as
both a free-running 2097nm laser and a low quantum defect laser at 1970nm.
For low quantum defect operation, the 2097nm laser emission was suppressed
using an intra-cavity mirror with high reﬂectance at 2097nm and a high trans-
mission for 1970nm. A non-collinear cavity design was applied due to lack of
suitably coated optics to allow a simple 2 mirror linear cavity to be used.
Fibre laser 
output
HR @ 1850-2100nm
8.2%T @ ~2ìm
f = 500mm
BBAR @ 2ìm
BBHR @ 2 m ì
f = 40mm
BBAR @ 2ìm
Liquid 
Nitrogen 
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f = 300mm
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100mm
40mm 60mm
AR @ 1850-2000nm
HR @ 2050-2150nm
Figure 5.29: Experimental setup for the non-collinear Ho:YAG laser
cavity.
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5.4.4.2 Results and analysis
The non-collinear laser cavity was initially operated without the intra-cavity
mirror for removing the 2.1m emission. The output performance for this
mode of operation can be seen in Figure 5.30. The slope efﬁciency obtained
was 49% with respect to incident power. It can be assumed that the absorption
efﬁciency for the single pass was >95% and thus the total absorbed power is
similar to that achieved in the collinear cavity. The absorbed threshold pump
power was measured by extrapolation to be 0.7W. Comparing this result to
the collinear cavity, it can be seen that the slope efﬁciency is lower and the
threshold higher than for the non-collinear cavity. However, given the degra-
dation of the Ho:YAG crystals coatings, not much can be inferred from this, as
the beam path through the crystal was changed, thus changing the potential
coating losses.
Figure 5.30: Showing the output performance for the non-collinear
cavity operated in a free-running laser at 2097nm (black) and a low
quantum defect laser operating at 1970nm (red).
Forthelowquantumdefectoperation, anyoscillationat2.1mwassuppressed
using the intra-cavity mirror as shown in Figure 5.29. In this conﬁguration, las-
ing at 1970nm was obtained, corresponding to a quantum defect of only 1.9%.
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As shown in Figure 5.30, the output power begins to roll-over for incident
pump powers above 15W. This roll-over is due to signal absorption losses in
the UV fused silica intra-cavity mirror. This absorption loss impacts the per-
formance by increasing the cavity losses, thereby reducing the slope efﬁciency
and increasing the threshold, as can be seen from equations (2.1) and (2.3). The
slope before the roll-over was 33%. In order for the potential of this approach
to be achieved, these cavity losses must be addressed, as was the case for the
collinear cavity previously discussed. The most desirable approach for reduc-
ing the cavity losses would be to use a Brewster cut crystal combined with cav-
ity windows that are also at Brewster’s angle. This would effectively remove
the coating losses on the crystal face, and limit the potential coating damage
caused by the low temperatures and high vacuum for future crystals. In addi-
tion, suitably coated cavity mirrors need to be used to facilitate suppression of
the 2.1m emission, without the use of an intra-cavity mirror. Additionally, the
substrates used for all of the optical elements need to have a high transmission
in the 2m region by using materials such as ZeSn, Infrasil, or CaF2. This has
the potential of making the total cavity losses <1%, with the slight limitation
of requiring a polarised pump source.
Ifthesecavitylosseswerereducedtomorereasonablelevelsassuggested, then
this approach has the potential for obtaining slope efﬁciencies in excess of 90%,
withanabsorbedthresholdpumppoweroflessthan0.3W,basedontheresults
for the LN2 collinear cavity shown in Figure 5.25. Considering the current
maximum output power from Tm-doped ﬁbre lasers of approximately 900W
[29] unpolarised, the maximum output power in the low quantum defect laser
could exceed 400W (assuming Ppump  450W polarised), assuming negligible
degradation to the laser performance caused by thermal effects at these power
levels.
5.4.5 Conclusions
The work described on Ho:YAG lasers shows the potential beneﬁts from op-
erating at cryogenic temperatures. Although the measured laser performance
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itself was poor, the gains demonstrated by cooling the laser crystal from room
temperature to liquid nitrogen temperature demonstrate the laser’s potential
for power scaling.
In these experiments, the major limiting factor was scattering loss due to coat-
ing damage on the crystal’s end faces. These were measured to be 8.5% at
2.1m. The very high cavity loss caused a decrease in the slope efﬁciency
and an increase in the threshold, thus signiﬁcantly reducing the output per-
formance. However, by accounting for these losses, the results can be used
to predict the performance in a much lower cavity loss conﬁguration. In the
case where the total cavity loss was <2%, the output slope efﬁciency for a 10%
output coupler would be >85% and >90% for a free running laser operating
at 2097nm and a low quantum defect laser operating at 1970nm, respectively.
This coupled with the absorbed threshold pump power reducing to less than a
few hundred milliwatt at LN2 temperatures, means that highly efﬁcient laser
sources should be produced.
Due to the high cavity losses, only relatively low pumping powers were used.
As a result, the heat deposition density in the crystal remained small so that
performance was not limited by thermal effects. Therefore, the temperature
dependence of these effects could not be observed to test the performance en-
hancements predicted in the introduction. In order to fully appreciate the ben-
eﬁts of cryogenically cooled solid-state lasers, the pump power needs to be
increased. With an increased pump power, the reduction in the thermal effects
with temperature should be observed due to the higher thermal loading. Fur-
thermore, at cryogenic temperatures, the impact of thermal effects should be
greatly reduced, enabling the laser output to be potentially scaled to hundreds
of watts of output power.
5.5 Summary
The main motivation for operating at cryogenic temperatures is the enhance-
ment in the thermo-optic properties of the laser material, which reduce the
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thermal effects that have a detrimental impact on laser performance. The
most signiﬁcant of these thermal effects is thermal lensing, followed in po-
larised cavity conﬁgurations by depolarisation losses caused by stress induced
birefringence. It was predicted using thermo-optic parameters from the lit-
erature [1–4], that by reducing the crystal temperature in YAG from 300K to
100K, the heat deposition density required to cause the same induced thermal
lens or depolarisation loss is a factor of 13 times larger at 100K than the 300K
thermal load. This means that the output power before these effects begin to
limit the performance can also be scaled by at least the same factor. Another
beneﬁtof operatingatcryogenictemperatures isthatthe populations oftheen-
ergy levels in the upper and lower laser manifolds is changed according to the
Boltzmann distribution. This allows for efﬁcient in-band pumping and laser
operation with a very low quantum defect. The beneﬁts of this are two fold.
The ﬁrst is that the heat deposited into the material via quantum defect heating
is reduced, further increasing the incident pump powers required for thermal
effects to limit the performance. The second is that the output slope efﬁciency
will be higher with a small quantum defect due to the p=L dependence in the
slope efﬁciency.
In this chapter, these performance enhancements with temperature were ex-
plored. The ﬁrst part of the analysis was conducted in measuring the spec-
troscopic changes in Ho:YAG with temperature, as this would affect the re-
quired pump parameters. The literature [11, 12] showed that the transition
linewidths and position were both temperature dependent. In order to mea-
sure these changes, the absorption spectrum in Ho:YAG was measured using
an ampliﬁed spontaneous emission probe and monochromator with a resolu-
tion limit of 0.2nm. The results showed that the most suitable absorption peak
was at 1932nm for low quantum defect operation, due to it being one of the
longest wavelength absorption features that still had a relatively high absorp-
tion cross-section. At liquid nitrogen temperature, the bandwidth (FWHM)
was 0.4nm. Therefore, the pump source for the Ho:YAG laser ideally needed
an output linewidth of less than this for a good overlap and therefore, high ab-
sorption efﬁciency. The pump source used was a Tm-doped cladding pumped
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silica ﬁbre laser with an external feedback cavity to control the laser linewidth
and wavelength. The output had a linewidth of <0.2nm (as it was below the
resolution limit of our monochromator).
This pump source was then used to in-band pump the Ho:YAG in two cav-
ity conﬁgurations. The ﬁrst was a simple 2-mirror collinear cavity operating
at 2097nm, and the second was a low quantum defect 1.9% laser operating at
1970nm using a non-collinear cavity design. Experiments using the collinear
cavity showed the enhancement in the output power with temperature for
a ﬁxed incident pump power. This was due to an increase in the pump ab-
sorption cross section and therefore the absorption efﬁciency, which increased
the slope efﬁciency and decreased the threshold condition. Furthermore, the
threshold was reduced due to the operating regime moving from a 3-level to
quasi 4 level regime as a result of the changes in the population distribution in
the laser manifolds, resulting in a reduction in the signal reabsorption losses
and an increase in the emission cross section. However, the output perfor-
mance was limited by high cavity losses, which were measured to be 8.5% at
2.1m. This loss was due to damaged coatings on the rod’s end faces. As a re-
sult, the maximum slope efﬁciency achieved was 65% for a 41% output coupler
at liquid nitrogen temperature, corresponding to a maximum output power of
20W.
The collinear cavity was also used to highlight the improvement in the ther-
mal lensing and stress induced birefringence with temperature. Due to the
high cavity loss and subsequent poor performance, the pump powers used
were limited to <30W. As a result, there was no measurable degradation in
the beam propagation factor at room temperature, with the output beam prop-
agation factor measured to be M2 <1.1, and therefore, there was no change
when the temperature was decreased. For observing any changes in the de-
polarisation loss, the cavity was operated in a polarised conﬁguration with a
brewster plate inserted. The results showed no change in depolarisation loss
from room temperature to liquid nitrogen temperature. This is believed to be
caused by the mechanical stress on the crystal from the mount increasing with
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decreased temperature due to differences in the expansion coefﬁcients of the
materials. The increased mechanical stress therefore counteracted any beneﬁts
that should be observed due to changes in the thermo-optic properties of the
crystal.
In the non-collinear cavity, laser operation was achieved at 1970nm, corre-
sponding to a quantum defect of 1.9%. As was the case with the collinear
cavity, the high losses limited the measured performance of this system. These
losses were exacerbated by absorption losses in the substrate of the cavity mir-
ror inserted to suppress emission at 2097nm. Due to these losses, at higher
powers the output began to roll-over. For low powers (<15W of output), the
slope efﬁciency was measured to be only 33%.
In both cavity conﬁgurations, the main limitation on performance was the
losses due to the crystal coatings. If these were reduced to acceptable levels,
such that the total cavity losses were <2%, the predicted slope efﬁciency for
both conﬁgurations with a 10% output coupler would be 85% and 90% for the
linear and collinear cavities, respectively. Furthermore, with suitable optics,
the low quantum defect operation would not require the more complicated
non-collinear cavity design because emission at 2097nm could be suppressed
by insertion of a suitable optic with negligible losses at 1970nm.
For future power scaling, the ﬁrst requirement would be to use higher quality
coatings on all cavity optics with suitably transparent substrates in the 2m
region. Furthermore, due to the neccessity of having the crystal mounting in a
cryostat with optical ports, thus increasing the number of optical surfaces and
thepotentialcavitylosses, itwouldbeadvantageoustouseabrewstercutcrys-
tal with the ports also at brewster’s angle. This would reduce the losses from
these surfaces to effectively zero in the correct polarisation and remove the re-
quirement for durable coatings for the crystal that can withstand the extremes
in temperature and pressure. The impact of using a brewster cut crystal is that
the crystal geometry would need changing as the polarised signal would be af-
fected by the depolarisation losses caused by the mechanical stresses in a rod
geometry. Therefore, the more suitable geometry would be a slab mounted
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on the large faces such that any mechanical stress would occur in one direc-
tion and therefore the refractive index change can be selected to align with the
cavity polarisation direction.
In order to explore the limits in the cryogenic laser, the pump power needs to
be signiﬁcantly increased. This would mean that for room temperature oper-
ation, thermal effects should limit the performance and the predicted changes
with temperature should be observed. Given the current output power from
Tm-doped silica ﬁbres of 900W [29] of un-polarised light, it stands to reason
that using the slope efﬁciencies calculated earlier, the output powers in cryo-
genically cooled Ho:YAG could potentially be scaled to >750W, depending on
the impact of any thermal effects.
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Conclusions and summary
6.1 Summary of thesis
This thesis has explored three architectures for power scaling. The ﬁrst was
for predominately single-ended operation using an all ﬁbre approach for both
an oscillator and ampliﬁed spontaneous emission source. Next, a ﬁbre based
master oscillator power ampliﬁer was used to power scale the output from a
single-frequency distributed feedback ﬁbre laser. Lastly, cryogenic cooling of
a Ho-doped Yttrium Aluminium Garnet (YAG) rod was used to combat detri-
mental thermal effects, allowing for further power scaling of the laser output.
In each of the architectures, the emphasis was placed on demonstrating the
potential of each approach, along with exploring any limitations, as opposed
to obtaining record output powers.
6.1.1 Single-ended operation sources
Chapter 3 presented an all ﬁbre geometry for obtaining predominantly single-
ended operation of both a laser oscillator and ampliﬁed spontaneous emission
source. This was achieved by controlling the feedback reﬂectivity of the end
facets. A simple relation was derived, which showed that above the signal
saturation intensity, the output power from each ﬁbre end was given by
P1
P2 =
1 R1
1 R2
q
R2
R1, where P1;2 are the output powers from ends 1 and 2, respectively,
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and likewise R1;2 are the feedback reﬂectivities of ends 1 and 2. From this it
was shown that predominantly single-ended output from end 1 was achieved
by selecting R1  R2 and R1;2  1 in both a laser oscillator and Ampliﬁed
Spontaneous Emission (ASE) source.
In the case of a laser oscillator, predominantly single-ended operation was
obtained by selecting one ﬁbre end to have a 3.5% Fresnel reﬂection from a
perpendicularly cleaved facet and the other from a much lower reﬂectivity of
 6  10 3%, supplied by a twisted end facet [1]. The resulting laser oscillator
based on Yb-doped silica had an output power of 29W for a launched pump
power of 48W, corresponding to a slope efﬁciency with respect to launched
pump power of 77%. However, this high loss cavity approach resulted in a
high laser threshold of approximately 10W. As a result, there was signiﬁcant
ASE in the output. To determine the power content of the ASE, a diagnostic
technique based on a Scanning Fabry Perot Interferometer (SFPI) was devel-
oped. With this technique, the SFPI mirror separation was carefully selected
such that at certain mirror separations during the scanning cycle, only ASE fre-
quency contributions were transmitted. This allowed a power dependent base
line corresponding to the ASE to be calibrated, from which the incident ASE
power could be determined. From this, the laser only signal power was calcu-
lated to be 24W for 48W of launched pump power. Furthermore, the ASE mea-
surement showed that the ASE does not clamp at the laser threshold as com-
monly thought, but instead slowly rolled over with increased pump power.
The signiﬁcance of this is that as the pump power is further increased, the rel-
ative contributions to the output power from lasing to ASE will increase, such
that for very high powers, the ASE can be considered negligible. Therefore, for
high power operation, the high laser threshold and ASE content should not re-
strict the usefulness of this approach for selecting predominantly single-ended
output from ﬁbre lasers.
For the 2m ASE source in Chapter 3, single-ended operation was achieved
using a 3.5% Fresnel reﬂection from a perpendicularly cleaved facet at one end
of the ﬁbre, with the other angled polished to 14 for a much lower feedback
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reﬂectivity. With this arrangement, the ﬁbre was pumped independently from
both ends to explore the impact of pumping direction on the output power ra-
tio. It was shown that the output power ratio was still governed by controlling
the feedback reﬂectivity of the end facets, and was almost independent of the
pumping direction. The pumping direction did however affect the maximum
output power extracted from each end, where the counter propagating signal
and pump yielded the highest output power as expected. When pumping both
ends of the ﬁbre equally, a maximum output of 11W was obtained for a total
of 40W of launched pump power. The slope efﬁciency of the source was 38%
with respect to launched pump power. This is comparable to the laser slope
efﬁciency of 41% measured using the same length ﬁbre but with an external
feedback cavity to obtain single-ended operation. Further power scaling of the
ASE output was limited by the onset of parasitic lasing. The limits imposed by
the onset of lasing were explored by angle polishing both the ﬁbre end facets
to 14. With this arrangement, a total output power of 15W was extracted for
a launched pump power of 50W. At this highest available pump power, there
was no evidence of parasitic lasing. This suggests that further scaling in the
output power of this all ﬁbre single-ended approach should be possible if the
perpendicularly cleaved facet were angle polished slightly to reduce its feed-
back reﬂectivity (and therefore increase the laser threshold), whilst still main-
taining R1  R2 and thus predominantly single-ended output. It has been
shown, since this work was conducted, that the ASE output in an Yb-doped
ﬁbre using the twisted end termination was scaled to 62W of single-ended out-
put [2] before the onset of lasing. Furthermore, Chan et al. [3] showed that by
applying a low reﬂectivity at both ends, the output could be scaled to 110W
of double ended ASE power. This shows a similar trend to our 2m results,
emphasising that additional pump power and a further reduction of the ﬁbre
end facet reﬂectivities will result in signiﬁcant scaling in the output power.
Having said this, I proposed a theory that suggested that lasing will always
occur in these high power ASE sources. This was based on a Fabry-Perot anal-
ysis where it was shown that certain frequencies will always resonate between
the ﬁbre end facets. Therefore, as the pump power is increased, these resonant
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frequencies begin to deplete more of the inversion than non-resonant ones.
Eventually, as the pump power is further increased, the resonant frequencies
willdominatetheinversionsuchthattheround-tripgainequalsunityandthey
begin to lase. The signiﬁcance of this is that although reducing the feedback
reﬂectivity will extend the power scaling limit of an ASE source, the maximum
output power will always eventually be limited by parasitic lasing. Further-
more, parasitic lasing can also be caused by feedback from Rayleigh scattering
in the core. As a result, this may limit the beneﬁt gained by reducing the ﬁbre
end facet reﬂectivities for increased ASE output power. Of course, the impor-
tant point in terms of power scaling is whether the parasitic lasing threshold
can be increased to the point that it cannot be reached using current commer-
cially available laser diodes.
A limitation to both of these low feedback regimes is their susceptibility to
external feedback. This can be a serious problem as, in the case of a laser,
any feedback could increase the effective feedback reﬂectivity of the output
coupler, causing the output power ratio to reduce and therefore reduce the ef-
fective laser efﬁciency. And, in the case of the ASE source, the impact of exter-
nal feedback is even more pronounced as any feedback could cause parasitic
lasing and potentially damage the ﬁbre. Therefore, in both cases, controlling
sources of feedback is a high priority and may require the use of a suitable high
power optical isolator.
6.1.2 Single-frequency MOPA system
In Chapter 4, the output power from a low power distributed feedback laser
based on Tm-doped silica was scaled using a three stage ampliﬁer chain. The
advantage of this approach was that the low power master oscillator, with ex-
cellent beam quality and single-frequency output, could be power scaled to
output powers unobtainable in a single oscillator stage. The master oscilla-
tor used consisted of a UV written Bragg grating on a hydrogen sensitised
Germanium Thulium co-doped ﬁbre. The output was linearly polarised (with
a PER>99%) with a linewidth of less than 240MHz and with a beam propa-
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gation factor of M2=1.06 at 1943nm. The output power was measured to be
875mW due to limited pump absorption over the cavity length.
Afterampliﬁcation, theﬁnalampliﬁerstageproduced100Wofsinglefrequency
output, with a beam propagation factor of M2=1.25 and a PER>94%. The max-
imum output power was limited by thermal degradation of the outer polymer
coating of the ﬁbre. This should be able to be overcome by better thermal man-
agement along the entire ﬁbre. Additionally, it would be beneﬁcial to change
the ﬁbre’s outer polymer coating to one with a higher thermal conductivity
and/or a higher damage threshold.
Although the MOPA’s performance was not limited by the optical isolators
used between the ampliﬁer stages, it is foreseen that this will become a future
limitation. At present, the damage threshold is limited to 200W/cm2. As
a result, this places a limit on the maximum signal power that can be used
to seed the power ampliﬁer stage and therefore also limits the maximum ex-
traction efﬁciency from the ampliﬁer. Furthermore, for most applications, the
output from an ampliﬁer system has to be isolated to prevent damage from
feedback, and therefore the damage threshold of the available 2m isolators
will ultimately limit the useable output power.
6.1.3 Cryogenically cooled Ho:YAG hybrid laser system
For solid-state laser sources, one of the main limitations for power scaling is
detrimental thermal effects. The most signiﬁcant of these thermal effects is
thermal lensing, followed in polarised cavity conﬁgurations by de-polarisation
losses caused by stress induced birefringence. It was predicted, using thermo-
optic parameters from the literature [4–7], that by reducing the crystal temper-
ature in YAG from 300K to 100K, the heat deposition density required to cause
the same induced thermal lens or de-polarisation loss is a factor of 13 times
larger at 100K than the 300K thermal load. This means that the output power
before these effects begin to limit the performance can also be scaled by at
least the same factor. Another beneﬁt of operating at cryogenic temperatures
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is that the energy level populations in the upper and lower laser manifolds
are changed according to the Boltzmann distribution. This allows for efﬁcient
in-band pumping and laser operation with a very low quantum defect. The
beneﬁts of this are two fold. The ﬁrst is that the heat deposited into the ma-
terial via quantum defect heating is reduced, further increasing the incident
pump powers required for thermal effects to limit the performance. The sec-
ond is that the output slope efﬁciency will be higher with a small quantum
defect due to the p=L dependence in the slope efﬁciency.
Of particular interest in this chapter were laser conﬁgurations based on
Holmium doped YAG and YLF. In order to achieve good output performance
from these lasers, a hybrid laser system was used that combined a ﬁbre laser’s
good beam quality and high power scaling capability in a diode-cladding
pumpedconﬁguration, withthebeneﬁtsofcryogenicallycoolingtheHolmium
doped crystals. The work comprised of four areas: 1) Building an ASE source
that was used in conjunction with a high resolution spectrophotometer to mea-
sure the temperature dependent absorption spectrum for the 5I8 !5I7 transi-
tion (for in-band pumping) in Ho:YAG and Ho:YLF; 2) The construction of a
Tm-doped silica ﬁbre laser with wavelength tuning and good beam quality;
3) Measuring the performance enhancement of a Ho:YAG laser in a simple
2 mirror cavity conﬁguration as a function of the crystal temperature; 4) To
demonstrate low quantum defect operation in the Ho:YAG rod at liquid nitro-
gen temperature.
Fromtheliteratureontemperaturedependentspectroscopy[8,9], itwasshown
that a transition’s linewidth and position were both temperature dependent.
Therefore, it was important to understand how the absorption spectrum in
Ho:YAG and Ho:YLF changed with temperature, so that the Tm-doped ﬁbre
laser wavelength could be appropriately adjusted for peak absorption in the
crystals. These measurements were conducted using a Tm-doped ﬁbre ASE
source as a probe, and a monochromator with a resolution limit of 0.2nm. The
beneﬁts of using an ASE source over the more conventional white light source
was that the ASE source had a higher spectral intensity in the 2m region, so
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a less sensitive detector could be used. Furthermore, this approach beneﬁts
from the good overlap between the emission wavelength of Thulium and the
absorption spectrum in Holmium. With this in mind, the ASE source was de-
signed to emit from 1860nm to 1980nm, with a FWHM bandwidth of 50nm
centred at 1920nm. Using this source, the absorption spectra within this wave-
length range was taken as a function of temperature for both Ho:YAG and
Ho:YLF (both axis). These showed absorption structure previously unreported
in the literature [10].
From the temperature dependent absorption spectra, it was decided that the
Ho:YAG laser should be pumped at 1932nm. This wavelength was chosen as
it gave a good compromise between a lower quantum defect (resulting in a
higher slope efﬁciency and lower thermal load in the crystal) and a high ab-
sorption cross-section for efﬁcient pump absorption. At liquid nitrogen tem-
perature, the FWHM bandwidth of the 1932nm absorption peak was 0.4nm.
Therefore, the Tm-ﬁbre laser output required a linewidth of less than this for a
good overlap and thus a high absorption efﬁciency. The Tm-doped silica ﬁbre
laser used was diode pumped in a cladding pumped conﬁguration with an
external feedback cavity containing a diffraction grating for wavelength selec-
tion. The resulting laser had an output beam propagation factor of M2 <1.6,
an output linewidth at 1932nm of <0.2nm (as it was below the resolution limit
of our monochromator) and a maximum output power of 50W.
The ﬁrst of the two cavity conﬁgurations for the Ho:YAG was a simple two-
mirror cavity operating at 2097nm. This conﬁguration highlighted the im-
provements in the laser performance as a function of the crystal temperature.
It was shown that decreasing the temperature from 300-77K resulted in a fac-
tor of 10 decrease in the threshold, and for a ﬁxed incident pump power the
output power doubled over the same temperature change. The output power
change with decreased temperature was attributed to the increased absorp-
tion cross-section at 1932nm and therefore an increased absorption efﬁciency,
which decreased the threshold pump power and increased the slope efﬁciency.
Furthermore, the threshold was further decreased with reduced temperature
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due to changes in the population distribution in the laser manifolds moving
from a 3-level to quasi 4 level regime, which reduced the signal reabsorption
losses and increased the emission cross section. The highest slope efﬁciency at
LN2 was measured to be 65% with respect to absorbed pump power for a 41%
transmission output coupler. This is much lower than would be expected from
the theory due to high cavity losses caused by coating damage on the crystal
end facets. However, the result was used to predict the expected performance
if these losses were reduced. It showed that with the same cavity conﬁguration
but with a round trip loss of 2%, the slope efﬁciency should be >85%.
In addition to output power considerations, this cavity conﬁguration was also
used to highlight improvements in thermal lensing and stress induced bire-
fringence with temperature. However, due to the high cavity losses, the laser
was not operated at sufﬁciently high power levels for a temperature depen-
dent change in the output beam propagation factor to be determined. To mea-
sure the de-polarisation loss with temperature, a Brewster plate was inserted
into the cavity for polarised operation. The results showed no change in de-
polarisation loss from room temperature to liquid nitrogen temperature. This
was believed to be caused by the mechanical stress on the crystal from the
mount increasing with decreased temperature due to differences in the ex-
pansion coefﬁcients of the materials. The increased mechanical stress there-
fore counteracted any beneﬁts that should be observed due to changes in the
thermo-optic properties of the crystal.
For the second cavity conﬁguration, laser operation was selected for emission
at 1970nm, corresponding to a quantum defect of 1.9%. The laser wavelength
was selected by inserting a cavity mirror to suppress lasing at 2097nm. How-
ever, the laser performance in this cavity conﬁguration was worse than ex-
pected, due to the high cavity losses caused by the coatings on the crystal end
faces and absorption losses in the substrate of the cavity mirror inserted to
suppress lasing at 2097nm. As a result, at high pump powers the laser output
began to roll-over, and at low powers (<15W of output), the slope efﬁciency
was measured to be only 33%. If these cavity losses were reduced to less than
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2%, the laser slope efﬁciency would be in excess of 90%.
6.2 Future prospects
For all the sources discussed in this thesis, the availability of higher power
diode sources will either directly or indirectly lead to a scaling in the various
source’s output power. If the example of a single stage Tm-doped ﬁbre oscilla-
torsistaken, ithasbeenshownthattheoutputpowercanbescaledto300Wfor
a 25m core, 400m cladding ﬁbre similar to that used in Chapter 5 [11]. Fur-
thermore, by increasing the cladding size and keeping the core to cladding ra-
tio approximately the same, high power lower brightness pump sources were
used to obtain 900W of output for 1.8kW of pump power at 793nm [11]. How-
ever, as was discussed in Chapter 2, the increase in core size and NA resulted
in the larger ﬁbre having an increased V-value and thus reduced beam quality.
Ideally, any high power sources desire diffraction limited or near diffraction
limited performance, which still poses a problem for ﬁbre sources.
In addition to increasing the diode pump power, the future prospects of each
laser architecture and their possible applications are discussed below.
6.2.1 Single-ended operation sources
Forthishighlosscavityapproachforobtainingsingle-endedlaseremissionthe
initial prospects will be to scale the output power using higher power diodes.
The interest in this will be to conﬁrm that the ASE background will roll-over
entirely, and that for much higher powers the ASE becomes effectively neg-
ligible. Another avenue of interest would be to adapt the ﬁbre and twisted-
end-facet design to yield diffraction limited performance which would greatly
improve the usefulness of the laser.
For single-ended operation of the ASE source, the limiting factor was the onset
of parasitic lasing. Therefore, the ﬁrst avenue of interest in the future will be
to investigate how the feedback reﬂectivity at both ends needs to be reduced
202Chapter 6 Conclusions and summary
so that the reﬂectivity ratio still yields single-ended output, but signiﬁcantly
increases the laser threshold. This will enable the useful ASE output power
to be initially scaled. Moving on from this, the next avenue for investigation
would be to further explore the relationship between the ﬁbre end facet re-
ﬂectivities and the onset of lasing at much higher pump powers. This would
be done with the aim of supporting the proposed theory that lasing threshold
will always eventually be reached if there is sufﬁcient pump power. Similarly,
it would be interesting if the ﬁbre end facet reﬂectivities can be selected so that
the laser threshold is not reached when using the maximum currently avail-
able laser diode power. Of course, at these power levels, thermal degradation
of the ﬁbre may limit the performance, but this would need to be conﬁrmed.
An alternative approach for scaling the ASE output power could be to use an
ampliﬁer system. This has the advantage over a single gain element, as the
output from a lower power ASE source can be power scaled using a series of
ﬁbre ampliﬁers, without the drawback of parasitic lasing. This approach has
been demonstrated to good effect at 1m by Wang et al. [2] using a Yb-doped
ﬁbre ASE source and ampliﬁer. They showed that in the single gain element,
the ASE power was limited to 40W of output before the onset of parasitic las-
ing, whilst when using two gain elements (an ASE seed and ampliﬁer), they
produced >120W of ASE output limited only by the available pump power.
It therefore stands to reason that an ASE seed and ampliﬁer system based on
Tm-doped silica should yield a similar increase in the maximum ASE power.
6.2.2 Single-frequency MOPA
In the single-frequency MOPA, one of the main prospects for the future is to in-
crease the pump power in the power ampliﬁer stage and therefore increase the
output power. In conjunction with increased pump power, further power scal-
ing will also require better thermal management of the power ampliﬁer ﬁbre,
and also optical isolators with higher damage thresholds. Of these, the opti-
cal isolators pose the biggest problem due to the present lack of commercially
available high power handling low loss isolators in the 2m spectral region.
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Therefore, in order for the power scaling potential of any 2m MOPA system
to be realised, more research and development is required into isolators in the
2m spectral region.
Once the current output power limits due to thermally induced ﬁbre dam-
age and the availability of suitable optical isolators are resolved, it is foreseen
that SBS will limit further power scaling. However, there are many ways to
increase the SBS threshold. These include: increasing the effective area by in-
creasing the core size [12]; controlling the optical and acoustic properties of
the core and cladding by changing the ﬁbre’s refractive index proﬁle [13–15];
and reducing the Brillouin gain coefﬁcient by creating a non-uniform Brillouin
spectrum along the ﬁbre, by changing the dopant level, applying distributed
stress, or using a temperature gradient along the ﬁbre. Therefore, by resolv-
ing the current issues and implementing some of these techniques for increas-
ing the SBS threshold, the maximum output power should be considerably
increased.
In addition to direct power scaling, the single-frequency ampliﬁed output can
be used for frequency conversion to the mid-infrared or visible region of the
spectrum. The interest here would be to access wavelengths outside of the
operational wavelength regions of other rare-earth doped materials. In con-
junction with this, the single-frequency DFB master oscillator can be modiﬁed
to provide other operational wavelengths, providing an even wider range of
wavelengths via frequency conversion.
6.2.3 Cryogenic lasers operating around 2m
For the cavity conﬁgurations discussed in Chapter 5, the major limitation on
performance was caused by high cavity losses due to poor optical coatings on
the crystal end faces. In order to obtain efﬁcient laser operation, the cavity
losses will need to be minimised. This can be more challenging for a cryogenic
laser cavity due to the high number of optical surfaces created by the necessity
of housing the crystal in a cryostat. One potential approach is to use a Brew-
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ster cut crystal in conjunction with the chamber windows being at Brewster’s
angle in relation to the beam direction. If correctly aligned, this should sig-
niﬁcantly reduce the reﬂection losses in the cavity and allow for much better
performance. However, to obtain efﬁcient pump launch into the crystal, the
pump source will need to be polarised, increasing its complexity. This should
not prove too challenging given the availability of polarisation maintaining ﬁ-
bres like that used in the Chapters 4 and 5. With the pump source used the
external feedback cavity would only require the addition of a polarising ele-
ment and a half-wave plate to optimise the polarisation to the slow/fast axis
of the ﬁbre.
It was shown in Chapter 5 that the current mounting arrangement for the
crystal induced high mechanical stress, especially as the temperature was de-
creased. Inthepolarisedcavity, thisresultedinsigniﬁcantdepolarisationlosses.
If the cavity design was to use the brewster cut crystal approach, then these
stresses need to be removed. A simple approach for this would be to change
the crystal to a slab geometry, which can then be mounted for good thermal
contact of the large faces only. Therefore, any mechanical or thermal stress
should be induced in only one direction (i.e. perpendicular to the slab’s large
faces). Therefore, as long as the polarised beam is orthogonal to the axis be-
tween the large faces, it should experience no depolarisation losses.
Another future direction is to further scale the output power by increasing the
pump power from the Tm-doped ﬁbre. As was mentioned earlier, this can
be achieved by increasing the diode-pump power available for the Tm-doped
ﬁbre. As was discussed in Chapter 5, if the pump power was increased and
the Tm ﬁbres output power was increased to a level similar to that reported
in the literature [11], then it would be possible, using the low loss cavity de-
scribed above, to scale the CW power to in excess of 400W. Furthermore, using
a higher pump power source would also enable the limits of low quantum
defect operation to be explored. Although reducing the quantum defect has
the advantage of increasing the laser slope efﬁciency and reducing the thermal
load on the crystal, it has the disadvantage of increasing the threshold pump
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power. Using a higher pump power source would allow the higher thresh-
old pump power to be easily reached and still allow the laser to operate many
times above threshold.
The potential for cryogenic lasers is not limited to CW mode of operation. For
pulsed operation it is desirable to use a large beam diameter and small interac-
tion length to reduce the signal intensity and therefore any non-linear effects.
This is one of the main attractions for using solid-state lasers instead of ﬁbre
lasers for pulsed operation. Q-switched operation presents the ideal method
for pulsed operation, with the current pump arrangement as it is compatible
with CW pumping. In a continuously pumped, repetitively Q-switched sys-
tem, when the cavity quality factor is low (i.e. the cavity losses are high), the
inversion build-up, n(t), is given by [16]
n(t) = WpfN

1   exp

 t
f

(6.1)
whereWp isthepumprate, f istheﬂuorescencelifetime, N isthetotalionden-
sity in the crystal, and t is the pump time in the low Q cavity condition. It is as-
sumed in equation (6.1) that the inversion is completely depleted by the pulse
and that the inversion density is much less than the total ion density. From the
equation, it can be seen that a long ﬂuorescence lifetime is advantageous as it
resultsinahighermaximuminversiondensityandthereforeahigherpulseen-
ergy. Therefore, for Q-switched operation, Ho:YLF should yield higher energy
pulses than Ho:YAG given that their respective lifetimes are 14ms for YLF [17]
and 8.5ms for YAG [18]. Furthermore, Q-switched operation has some of the
same limitations as CW-mode in terms of thermal effects and de-polarisation
losses. Naturally, cryogenic cooling will improve the laser performance, as
was the case for CW operation. However, for active Q-switched operation,
the laser has to be polarised, so it is again advantageous to use Ho:YLF as it
is birefringent and therefore not affected by de-polarisation losses, as is the
case with YAG. It was with these potential future experiments in mind that the
spectroscopic measurements in Chapter 5 for Ho:YLF at liquid nitrogen tem-
perature were conducted. It is expected that the beneﬁts of cryogenic cooling
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will greatly increase the Q-switched performance in Holmium doped crystals,
as has been demonstrated for other rare-earth doped crystals [19,20].
6.3 References
[1] Clarkson, W. A. and Wang, P., UK Patent Application ”Optical ﬁber device”,
Application Number 0600179.6, Jan 2006.
[2] Wang, P., Sahu, J. K. and Clarkson, W. A., Power scaling of ytterbium-doped
ﬁber superﬂuorescent sources, IEEE Journal of Selected Topics in Quantum
Electronics, Vol. 13, No. 3, pp. 580–587, 2007.
[3] Chan, J. S. P., Wang, P., Sahu, J. K. and Clarkson, W. A., Ultra-low feedback
ﬁbre end termination geometry for high power ﬁbre source applications, CLEOE-
IQEC, 2007.
[4] Aggarwal, R. L., Ripin, D. J., Ochoa, J. R. and Fan, T. Y., Measurement
of thermo-optic properties of Y3Al5O12, Lu3Al5O12, YAlO3, LiYF4, LiLuF4,
BaY2F8, KGd(WO4)2, and KY(WO4)2 laser crystals in the 80-300K temperature
range, Journal of Apllied Physics, Vol. 98, No. 10, pp. 103514–1–103514–14,
Novemeber 2005.
[5] Klein, P. H. and Croft, W. J., Thermal conductivity, diffusivity, and expan-
sion of Y2O3, Y3Al5O12, and LaF3 in the range 77-300K, Journal of Applied
Physics, Vol. 38, No. 4, pp. 1603–1607, March 1967.
[6] Fan, T. Y. and Daneu, J. L., Thermal coefﬁcients of the optical path length
and refractive index in YAG, Applied Optics, Vol. 37, No. 9, pp. 1635–1637,
March 1998.
[7] Wynne, R., Daneu, J. L. and Fan, T. Y., Thermal coefﬁcients of expansion
and refractive index in YAG, Applied Optics, Vol. 38, No. 15, pp. 3282–3284,
May 1999.
207Chapter 6 Conclusions and summary
[8] Kushida, T., Linewidths and thermal shifts of spectral lines in Neodymium-
doped Yttrium Aluminium Garnet and Calcium Fluorophosphate, Physical Re-
view, Vol. 185, No. 2, pp. 500–508, September 1969.
[9] Beghi, M. G., Bottani, C. E. and Russo, V., Debye temperature of Erbium-
doped Yttrium Aluminium Garnet from luminescence and Brillouin Scattering
data, Journal of Applied Physics, Vol. 87, No. 4, pp. 1769–1774, February
2000.
[10] Walsh, B. M., Grew, G. W. and Barnes, N. P., Energy levels and intensity
parameters of Ho3+ ions in Y3Al5O12 and Lu3Al5O12, Journal of Physics and
Chemistry of Solids, Vol. 67, No. 7, pp. 1567–1582, July 2006.
[11] Moulton, P. F., Rines, G. A., Slobodtchikov, E. V., Wall, K. F., Frith, G.,
Samson, B. and Carter, A. L. G., Tm-doped ﬁber lasers: Fundamentals and
power scaling, IEEE Journal of Selected Topics in Quantum Electronics,
Vol. 15, No. 1, pp. 85–92, January/February 2009.
[12] Broderick, N. G. R., Offerhaus, H. L., Richardson, D. J., Sammut, R. A.,
Caplen, J. and Dong, L., Large mode area ﬁbers for high power applications,
Optical Fiber Technology, Vol. 5, No. 2, pp. 185–196, April 1999.
[13] Kobyakov, A., Kumar, S., Chowdhury, D.Q., Rufﬁn, A.B., Sauer, M.and
Bickham, S. R., Design concept for optical ﬁbers with enhanced SBS threshold,
Optics Express, Vol. 13, No. 14, pp. 5338–5346, July 2005.
[14] Koyamada, Y., Sato, S., Nakamura, S., Sotobayashi, H. and Chujo, W.,
Simulating and designing Brillouin gain spectrum in single-mode ﬁbers, Jour-
nal of Lightwave Technology, Vol. 22, No. 2, pp. 631–639, February 2004.
[15] Rufﬁn, A.B., Li, M., Chen, X., Kobyakov, A.andAnnunziata, F., Brillouin
gain analysis for ﬁbers with different refractive indices, Optics Letters, Vol. 30,
No. 23, pp. 3123–3125, December 2005.
[16] Koechner, W., Solid-State Laser Engineering, Springer, New York, 6th
edn., 2006.
208Chapter 6 Conclusions and summary
[17] Walsh, B. M., Barnes, N. P. and Bartolo, B. D., Branching ratios, cross sec-
tions, and radiative lifetimes of rare earth ions in solids: Applications to Tm3+
andHo3+ ionsinYLiF4, JournalofAppliedPhysics, Vol.83, No.5, pp.2772–
2787, March 1998.
[18] Schellhorn, M. and Hirth, A., Modeling of intracavity-pumped quasi-three-
levellasers, IEEEJournalofQuantumElectronics, Vol.38, No.11, pp.1455–
1464, November 2002.
[19] Tokita, S., Kawanaka, J., Fujita, M., Kawashima, T. and Izawa, Y., Efﬁ-
cient high-average-power operation of Q-switched cryogenic Yb:YAG laser oscil-
lator, Japanesse Journal of Applied Physics, Vol. 44, No. 50, pp. 1529–1531,
2005.
[20] Manni, J. G., Hybl, J. D., Rand, D., Ripin, D. J., Ochoa, J. R. and Fan,
T. Y., 100W Q-switched cryogenically cooled Yb:YAG laser, IEEE Journal of
Quantum Electronics, Vol. 46, No. 1, pp. 95–98, January 2010.
209Appendix A
List of publications
Journal articles
L. Pearson, J. W. Kim, Z. Zhang, M. Ibsen J. K. Sahu, W. A. Clarkson, ”High-
powerlinearly-polarizedsingle-frequencythulium-dopedﬁbermaster-oscillatorpower-
ampliﬁer”, Optics Express (2010), Vol 18(2), pp1607-1612.
D. Y. Shen, L. Pearson, P. Wang, J. K. Sahu, W. A. Clarkson, ”Broadband Tm-
doped superﬂuorescent ﬁber source with 11W single-ended output power”, Optics
Express (2008), Vol 16(15), pp11021-11026.
L. Pearson, J. S. P. Chan, P. Wang, J. K. Sahu, W. A. Clarkson, ”Novel approach for
single-ended operation of a cladding pumped ﬁbre laser”, Applied Physics B (2007),
Vol 87(1), pp75-78.
Conference papers
J. W. Kim, J. I. Mackenzie, W. O. S. Bailey, L. Pearson, D. Y. Shen, Y. Yang, W. A.
Clarkson, ”Cryogenically-cooled Ho:YAG laser in-band pumped by a Tm ﬁbre laser”,
Contributed Paper CA10.5, CLEO Europe, Munich, June 2009.
L. Pearson, J. W. Kim, Z. Zhang, J. K. Sahu, M. Ibsen, W. A. Clarkson, ”High-
powersingle-frequencythulium-dopedﬁbermasteroscillatorpowerampliﬁerat1943nm”,
Contributed Paper CThN1, CLEO US, Baltimore, June 2009.
W. A. Clarkson, L. Pearson, Z. Zhang, J. W. Kim, D. Y. Shen, A. J. Boyland, J. K.
210Sahu, M. Ibsen, ”High Power Thulium Doped Fiber Lasers”, Invited Paper, OFC,
San Diego, March 2009.
J. I. Mackenzie, W. O. S. Bailey, D. Y. Shen, L. Pearson, Y. Yang, W. A. Clarkson,
”Tm:ﬁbre laser in-band pumping cryogenically-cooled Ho:YAG laser”,LASE 2009 at
Photonics West, San Jose, January 2009.
D. Y. Shen, L. Pearson, J. K. Sahu, W. A. Clarkson, ”11W Broadband Ampliﬁed
Spontaneous Emission ﬁbre source at 2 microns”, Contributed Paper WC5, ASSP
2007, Vancouver, January 2007.
L. Pearson, J. S. P. Chan, P. Wang, W. A. Clarkson, ”Simple Scheme for single-
ended operation of a cladding pumped ﬁbre laser”, 2nd EPS-QEOD Europhoton,
Pisa, September 2006.
211